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PART ONE 
THE MOLECULAR AND CRYSTAL STRUCTURE OF PHOSPHINOBORANE 
I. Introduction 
Phosphinoborane is one of a number of borine complexes which have 
been extensively studied from the standpoint of synthesis and reactions~ 
as well as from the standpoint of molecular structure by diffraction 
methods. X-ray work has confirmed the structural models proposed for 
several of the compounds based on chemical evidence, and has provided 
bond length data and additional explanation of the physical properties of 
the solid phases concerned. 
Structural studies of borine complexes of nitrogen and phosphorus 
hydrides and substituted hydrides have given values for the N-B and P-B 
bond lengths. The earliest of such studies ( 1 ) showed that (CH 3) 3N:BH 3 
had a skeletal structure similar to neopentane. but the accuracy of bond 
length determination was poor (see Table I). Later, investigation of the 
crystalline solid ( 2 ) was hampered by difficulty in growing and keeping 
good crystals. The (CH 3) 3N:BH 3 molecule crystallizes in a space group 
having threefold symmetry,~ and the methyl groups have been located,. 
but the B-N bond length was not determined with any more accuracy than 
in the electron diffraction study. Subsequently1 the structure of NH 3:BH3 
was determined both by X-ray diffraction (3) and electron diffraction (4). 
The X-ray study showed that the molecule is in free rotation in the solid 
state at room temperature. Lengths of the B-N bond found by the two in-
vestigations are in agreement~ but the accuracy of the X-ray work was im-
paired in this case by the small number of reflections available. Quite 
(1) Bauer~ S.H-. J.Am. Chern. Soc.~ 59, 1804 (1937). 
(2) Geller~ S., Hughes, E. W . . , and Hoard, J.L.;J Acta Cryst., 4, 380 (1951). 
(3) Lipscomb, W. N., J. Am. Chern. Soc., 78, 503 (1956). 
(4) Hughes,. E. W., ibid. 1 78., 502 ( 1956). 
1 
recently~ (CH3) 3P:BH 3 ( 5) and (NH 2) 3P:BH3 ( 6) have been studied by 
X-ray methods. Bond length determination in the former was more 
accurate than in the previously mentioned investigations in spite of 
free rotation of the (CH3)3-P group and small number of data available. 
The (NH2) 3P:BH3 study was very accurate since there is no unusual 
thermal motion or rotation and adequate data can be obtained. 
The cyclic trimer of dimethyl phosphine borine~ ((CH 3) 2PBH2 ) 3., 
although not strictly a borine complex, gives additional information 
concerning the P-B bond. The X-ray investigation of this compound (7) 
is the most accurate of any reported~ as far as the bond length is con-
cerned. 
X-ray analysis of thermal vibrations in the nitrogen- and phosphorus-
containing borine complexes shows that these vibrations are, in general~ 
large. The occurrence of free rotation in two compounds of the group is 
notable~ but more so in the case of (CH 3 ) 3P:BH3 ~ where conditions are 
not favorable for such rotation. In this compound steric hindrance has a 
large effect., the melting point is high, and comparatively stable chemi-
cal behavior is observed ( 8), thus making impossible any simple explana-
tion of the observed rotation. 
Other related compounds not studied by diffraction methods include 
(NH 3) 2B 2H 6, PH3(NH 3)B 2H 6~ P 2H 4 • B 2H 6~ and BH3NHNHBH3. The di-
ammoniate of diborane~ (NH3) 2B 2H 6~ has been investigated by a number 
of methods (9, 10, 11, 12), but., since single crystals could not be grown, 
no X-ray work was attempted. The existence of the phosphino-ammoniate 
(5) Thomas, R. and Eriks., K. ~ Abstracts~ Annual Meeting, American 
Crystallographic As-sociation ( 19 59), p. 28. 
( 6) Nordman,. C. E. 1 Acta Cryst. -1 13, 535 ( 19 60). 
(7) Hamilton, W. G.., ibid.~ ~" 199 (1955). 
(8) Burg, A. B.~ and Wagner, R. I,.~ J. Am. Chern. Soc., 7 5, 387 2 ( 1958}. 
(9) Burg, A. B., ibid.~ 69, 74 7 ( 194 7). 
OO)<Schlesinger, H. I., and Burg, A.B., ibid., 60, 290 (1938). 
(11) Schaeffer., G. W., Adams, M.D., and F. J. Koenig, S. J. ,. ibid., 78, 
725 (1956) • . 
( 12) Parry, R. W., and Shore~ S. G., ibid., ~~ 15 ( 1958). 
2 
of diborane~ PH 3(NH 3)B 2H 6_, is not definitely established (see section II),. 
but attempts at its preparation have been described ( 13). Structure deter-
minations would seem to be in order for the diphosphine complex, 
P 2H 4 • B2H 6~ (14) and the hydrazine complex, BH3NHNHBH 3, {15) of di-
borane since the skeletal structures of these compounds have not been 
assigned with certainty. 
Investigation of PH3:BH 3 is experimentally more difficult than of any 
of the borine complexes mentioned, due to its high vapor pressure and 
chemical instability ( 131 16) . A structure determination of this compound 
would, however, seem justified for several reasons. First, it is possi-
ble to confirm either the monomeric or dimeric formula, both of which 
have been proposed for the compound. Second, since very few P-B bond 
lengths have been measured, none of which was in chemically simple 
surroundings., a knowledge of this bond in PH 3:BH3 would seem desirable. 
Finally, thermal vibrations or free rotations in similar borine complexes 
might be better explained on the basis of the known behavior of a less 
stable compound, PH3:BH3• 
(13) Gamble.; E.L.,. and Gilmont~ P.-t J. Am. Chern. Soc.~ 62~ 7J.7 (1940}. 
(14) Beichl~ G. J., and Evers., E. C . , ibid. , 80., 5344 (1958). 
( 15) Steindler, M. J., and Schlesinger, H. I., ibid., 75, 756 (1953). 
3 
( 16) Brumberger, H., and Marcus, R. A • ., J. Chern. Phys., 24, 741 ( 1956). 
TABLE~ 
A: SOME BORINE COMPLEXES 
Formula Structure (N, P} -B Bond Length (R) B (R1 Method* 
H 3N:BH3 
H 3P:BH3 
{CH3)3N:BH 3 
( CH3) 3P:BH3 
(NH2) 3P:BH3 
ethane, rotating 
this study 
stationary 
rotating 
stationary 
I. 58 +. 05 
I.93I+.OI2 
-I. 62 +. 15 
-1. 94 +. oz 
.... 
1. 887+. 013 
-
I. 90 XD, ED 
3. Z6 XD 
2. 5 ED, XD 
s. 7 XD 
4. 60 XD 
B: SOME RELATED COMPLEXES 
(NH3)2B2H6 I) NH4 + ,_ (BH3NH2BH3)- ..... - CH ) + -2 NH4 , (BH2NH2BH4) TR 
- + CON, CH 3) BH4 1 (NH3BH3NH~ 
4) 2-BH4, (NH3) 3BH + CON, CH 
PH3(NH 3)B 2H 6 existence doubtful - - -
PZH4BZH6 not known 
-
-
~ 
((CH3)2P:BH.z_) 3 ana1agous to . I. 935+. 009 3. 71 XD _. borazo1e nng 
BH3NHNHBH 3 not known ....... ...... -
M. P •. ~. P~ . Reference 
2o0 c dec. 3, 4, 17 
zs
0 c dec. 13 
95°C 171°C 1, 2, 18, 19 
I03°C dec • 5, 8 
-
6. 20 
...... 
- 9, 10 
11 
I2 
IZ 
-
_. 13 
-
-
14 
...... 
-
7, 8 
-
-
IS 
• XD=X-ray diffraction• ED=e1ectron diffraction, CH=chemica1 reactivity_. TR=tracer studies of 
kinetics, CON=conductivity studies in liquid NH3• 
(I7) Shore_, S .. G •• and Parry~ R. W._, J. Am. Chern. Soc., 771 6084 (I955). 
(I8} Stock, A.. and Zeidler, F., Ber. Deutsch. Chern. Ges.~ _
1
5,4
11 
535 (I924). 
(19) Burg, A. B., and Schlesinger, H. I., J. Am. Chern. Soc., 59, 780 (I937). 
~ 
(ZO) Kodama, G., and Parry, R. W., Abstracts, !35th Meeting, American Chemical Society_ ( 1959), p. 33M. 
*"" 
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II. Chemistry of Phosphinoborane 
Gamble and Gilmont (13) were the first to prepare the compound PH3:BH3• 
Their product was obtained either from a liquid mixture of PH3 and B 2H 6 
above -110°C or from a reaction between gaseous components at -30°C. 
Based on a ratio of two moles of PH3 reacting with one mole of B 2H 6, the 
formula B 2H 6 , 2PH3 was assigned to the compound. Some time later:. 
the kinetics of the gas phase reaction at 0°C were studied by Brumberger 
and Marcus ( 16) who found that diborane splits on reacting with a phosphine 
molecule, and that two molecules of PH3:BH 3 are formed. The fact that 
no reduction in pressure of the component gases was observed when they 
were mixed below the decomposition pressure of the solid, and that the 
reaction kinetics are surface-independent, was taken to show that no 
appreciable amount of gaseous phosphinoborane was present. 
The compound formed between -110°C and -30°C is not stable, but 
reverts to the component gases at decomposition pressures of 200 mm 
at 0°C and 1400 mm at 25°C ( 16). Stone and Burg (21) have reported a 
stable white solid which forms slowly at 25°C to which they haye assigned 
the formula (PH2BH2)x. This substance is probably identical to the product 
obtained by them on prolonged heating of PH3:BH 3 at 65°C. 
Gamble and Gilmont (13) also found that a substance formulated as 
B 2H 6 . PH3NH 3 is formed when PH3:BH3 reacts slowly in liquid ammonia 
solution. PH3 gas is evolved by NH 3 replacement in varying quantities, 
and the formula of the product is somewhat in doubt. The white pasty 
solid which results is stable in air.~ and dissolves readily in common sol-
vents_, although no crystallization product was reported. 
(21)Stone, F.G.A., andBurg, A.B., J. Am. Chern. Soc.; 76~ 386(1954). 
III. Preparing Crystals for X-ray Analysis 
PH3:BH3 was synthesized from the component gases in small batches 
in a vacuum line built for the purpose. The B 2H 6 was supplied by the 
Callery Chemical Company~ and was first purified by freezing at -196°C 
while pumping off the noncondensed gases. The remaining impurities 
were removed by distillation from a trap at -151. 6°C. The PH3 was 
prepared by the action of NaOH on PH4I (22)~ and was then washed with 
concentrated HCl and with 25% NaOH to remove diphosphine and HCl 
vapors~ respectively. The product was then successively dried over 
anhydrous CaSO 4~ CaC12.,; and P 20 5 (23). The vacuum line and storage 
vessels were of glass construction1 and connected by stopcocks lubrica-
ted with 11Apiezon N 11 gTease. Both gases were stored for some months 
in this system with no apparent difficulty. 
A typical preparation required 0. 002 mole of B 2H 6 and 0. 004 mole 
of PH3• The gases were introduced into the main part of the line one 
0 
at a time~ and then frozen out at -196 C in a trap of 8 rom pyrex tubing 
connected to the line through a stopcock. The trap was then warmed 
until at about -80°C a vigorous reaction took place. The temperature 
of the trap first rose somewhat above room temperature and the product 
appeared to be liquid, but1 on cooling in the open air 1 it solidified. The 
trap was then exposed to the pumping system until some evaporation of 
the solid product was noticed. Pumping was then discontinued~ and the 
remaining product was cooled to -196°C and sealed off from the vacuum 
line. 
Since PH3 boils at -85°C (24} and B 2H 6 boils at -92. 5°C (25}., it was 
(22} Fernelius1 W. C. 1 ed • ., Inorganic Syntheses., vol. II,. New York: 
McGraw-Hill Book Co • ., Inc. ( 1946)., p. 141. 
6 
(23) Sneed., M. C .. ., and Brasted, R. C . ., Comprehensive Inorganic Chemistry., 
vol. V, New York: D. Van Nostrand Company., Inc. ( 1956)., p. ll5. 
( 24} Lange., N. A. J ed. ~ Handbook ~Chemistry., Sandusky: Handbook 
Publishers 1 Inc. ( 19 52)~ p. 267. 
(25) Stone., F. G. A . ., Quarterly Rev . ., J, 174 (1955). 
assumed that only negligible amounts of these could remain in the solid 
product at room temperature under continuous pumping. The product 
therefore was assumed to be the stoichiometric complex which Gamble 
and Gilmont had prepared by similar methods. 
Samples such as this afforded an opportunity to observe some of the 
characteristics of the compound so that methods of obtaining single crys ... 
tals could be devised. A tube with the first sample prepared in this way~ 
left overnight at room temperature~ was found the next day to contain 
numerous needle-like and apparently single crystals in the upper part o£ 
the container . The same solid sample and others prepared subsequently 
0 
exhibited sharp melting behavior at 28 C. One sample left at room tem-
perature for a number of months, developed a white non-volatile deposit 
on the wall of the tube, probably the material (PBH3. 75)x reported by 
Stone and Burg (21). 
Since analysis of the small quantities of the product to be crystallized 
in capillaries was not possible~ proof that the material is the same as 
that found to be B 2H 6 . 2PH3 by Gamble and Gilmont ( 13) must rest on 
other evidence: 
1) The reaction to form a white solid proceeded in the same way as 
described in the literature. 
2) The reported physical and chemical properties correspond: high 
vapor pres sure~ needle-like crystallization from the vapor~ and 
spontaneous flammability in air 4 
3) For widely variable molar ratios of starting material~ only one 
product was obtained by Gamble and Gilmont. This indicates that 
only one product occurs over most of the composition range~ at 
low temperatures~ and thus it is unlikely that a product synthesized 
in that way could be other than the same one obtained by them. 
4) The assumed formula of the compound was confirmed by the results 
of the crystallographic study to be described here. 
Subsequent samples were prepared in similar traps modified by the 
addition of four or five capillaries pulled directly out of one side (see figure 
1), so that the liquid product could be transferred to these by gravity after 
the reaction. The capillaries were then individually sealed off~ after cool-
ing~ and recrystallization was accomplished from the vapor phase at room 
temperature by the method described above. Crystals forming in the capil-
laries tended to do so not in groups, but singly, and a number of crystals of 
8 
MAIN VACUUM LINE 
STOPCOCK 
SPHERICAL JOINT 
CONSTRICTION 
CAPILLARIES 
TRAP 
Figure l. CONSTRUCTION OF TRAP FOR PH3:BH 3 SYNTHESIS 
correct size and orientation were easily found at considerable distances 
from others in the same capillary. The capillary walls were extremely 
thin, but no difficulty was experienced from bursting~ although the inter-
nal pressure was probably in excess of 1400 mm. 
9 
10 ' 
IV. Determination of Space Group and Unit Cell 
Diffraction Analysis of Unit Cell 
From the crystals which formed from the vapor phase in the capillar-
ies one was selected the needle axis of which was parallel to the capillary 
axis. Weissenberg and rotation photographs showed hexagonal symmetry 
in the zero layer around the needle axis, and an apparent c-axis length of 
5. 76 R. Photographs were also taken of another similarly oriented crys-
tal on a Buerger precession camera and the hexagonal symmetry was found 
to be confined to the zero layer only~ upper layers showing threefold sym-
metry. The lattice was therefore assumed to be rhombohedral (trigonal) 
with the pseudo-hexagonal c-axis parallel to the needle axis. 
Attempts to index the closest zero-level reflection as a pseudo-hexagon-
al ( 100) or (0 10) yields a reciprocal lattice the extinctions of which cor res-
pond to none of the rhombohedral space groups. Assuming the (100) reflec-
tion to be extinct, however1 a reasonable reciprocal lattice corresponding 
to any one of six rhombohedral space groups (26) can be observed on the 
films. The systematic extinctions required by these space groups (-h+k+ 1~ 
3n~ trigonal) are strictly obeyed in all photographs. Moreover, all reflec-
tions allowed by possible space groups appear on the films, which makes 
the space group determination more certain1 since no absent reflections 
are unexplained before the structural model is derived. 
The rhombohedral lattice thus found gives dimensions for the direct 
space unit cell, based on shrinkage-corrected spacings measured and 
averaged from three precession photographs. The camera calibration 
constant was determined by means of the diffraction pattern of sodium. 
chloride on separate precession photographs. The dimensions given are 
for both rhombohedral and the alternative trigonal cells, but subsequent 
references to space group properties are given in the trigonal notation 
only. 
(26) Henry, N. F., and Lonsdale,. K. ~ eds. 1 International Tabl~ for X-ray 
Crystallography, vol. I 1 Birmingham: The Kynoch Press ( 1952). 
Rhombohedral: 
a::: b ~ c ~ 4. 699 +. osoR 
Trigonal: 
a = b = 7 . 3 63 + . 024 R 
c = 5. 766+. ozo.R. 
- ~3 
p = 0. 89 6 gm em calculated on the basis of 
Z = 3 molecules of PH3:BH3 per trigonal unit cell. 
Chemical and Physical Evidence for Space Group 
Since there are three rhombohedral unit cells contained in the corres ... 
pending trigonal cell being used here and since there must be an integral 
number of PH3:BH3 formula units in the rhombohedral cell~ it follows 
1.1 . 
that the number of formula units~ Z.t in the trigonal cell must be an integral 
multiple of three. The density calculated for the crystal based on Z-=3 is 
-3 . 0. 896 gm em -~ and is comparable to densities of other boron-phosph-orus 
compounds such as (CH3) 3P:BH3 (p = 0. 793)., ((CH) 2PBH2)3 (p::: 0. 959)~ 
and (NH 2) 3P:BH3 (p ~ 1. 13). 
The four possible space groups corresponding to the observed extinc-
tions are R3~ R32 1 R3m-t and R3m (26}. Of these, R32 and R3m are non-
centrosymmetric, while the other two are centrosymmetric and are elimi-
nated as possibilities ii there is only one molecule per rhombohedral unit 
cell-1 since there is no possible centrosyrnmetric arrangement of a single 
PH 3:BH3 grouping. 
A further observation from the photographs may be used to suggest a 
model of the structure and to indicate a choice between the two possible 
non-centrosymmetric space groups. The strongest intensity reflections 
appear only near the centers of all filmst and weaker ones only toward 
the edges; in other words, the intensities of all reflections decline uni-
formly with increasing value of the diffraction angle. This is a strong 
indication of the presence of a large share of the electrons at the origin 
of the cell and at other crystallographically equivalent points which are 
alternative origins (27). From this evidence~ it is strongly suggested 
that the phosphorus atom is in the special position 0~ 0, z (26) with z = 0~ 
and that the boron atom is in the special position of the same type~ with 
z corresponding to the P-B bond distance. The space group R32 is elimi-
nated if the above structural model is assumed~ since no chemically 
suitable position can be found for the boron atoms. Specifically, the 
P-B distance would be 2. 88 R for the only possible atomic arrangements. 
1:? .. 
While more conclusive evidence could be found, if necessary~ to 
eliminate all possible space groups from consideration except R3m_, a 
common crystallographic practice was followed instead: the most probably 
correct space group and trial structure were used in a structure factor 
calculation. Since satisfactory agreement was obtained between observed 
and calculated structure factors no further consideration of other space 
groups was necessary, and the resulting fourier projection verified the 
assumed model. 
(2.7) McLachlan., D., X-ray Crystal Structure~ New York: McGraw-Hill 
Book Co . . , Inc., {1957), p. 330. 
V. Verification of Structural Model and Refinement 
Collection of Intensity Data 
Intensity photographs were taken with a Buerger precession camera, 
using Mo Ka. radiation (A.= 0. 7107 R ). Two crystals of similar size were 
used, both about 1/10 mm in diameter and 1 mm long. The intensities 
13 
were measured using the Integrating Photometer~ (see Appendix I) stan-
dardized by a series of timed exposures from one of the crystals. Lorentz 
and polarization corrections were applied, and atomic scattering parame-
ters, f, were calculated for each reflection by the analytical approx-
imations of Freeman and Smith (28) using the programs Scat I and Incor-P# 
for the IBM 650 computer. Absorption errors were ignored due to the small 
size of the crystal and low absorption indices of the atoms in the compound. 
J.lR for an average crystal was 0. 12, giving a maximum error less than lo/o 
on the precession camera. The intensities of all reflections on six of the 
reciprocal nets were reduced to a common scale using the seventh net, the 
hO 1 reflections, as a standard, by adjusting the scale factors so that the 
same reflections read on two different films, agreed as closely as possible. 
The intensities of 84 crystallographically independent reflections were 
finally obtained, 93 reflections were unrecorded within the range of the pre-
cession camera, and none were unobserved. An analysis of the hOl reflec-
tions by Wilson's statistical method (29) gave an overall isotropic tempera-
o 2 ture parameter, B~ of 3. 26 A. (see figure 2). 
Structure Factor Calculations and Refinement 
Based on the trial structure which appeared to be most consistent with 
space group properties and expected bond lengths; structure factors were 
calculated for phosphorus and boron only (Cycle 1, Table II) for 33 hOI re-
flections. The disagreement inde~ R ( = ~I IF I- lkF II /2:, jkF I> for 
c 0 0 
# see Appendix II. 
(28) Freeman, H. C., and Smith, J. E. W. L. 1 Acta Cryst., _!._!_, 819 (1958). 
( 29) Wilson_,. A. J. C. 1 Nature, Lond. _,. 1501 152 ( 1942). 
14 
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TABLE II 
PH3:BH3 • REFlNEMENT OF STRUCTURAL PARAMETERS 
Cycle R p {x = y =- z :::: 0} B {x lilt y = 0) Data 
number index B1I B3.~ z BII B33 used 
~ ~ ~ 
--
.,....._ ___,....,. 
1 0.17 3. 2.6 3.2.6 .. 333 3. 2.6 3.,2.6 hOI 
li .. 12.5 3. 2.6 3. 2.6 .,335 4. 75 4.75 hOI 
2.1 
* 
• I07 4. 00 3.-00 • 336 5. 00 4. 00 hOI 
2.9 
* 
• 087 4. 50 3.-00 • 336 7.00 4. 00 hOl 
38 
* 
• 076 5. 00 z. 00 • 335 8. 00 4 .. 00 all 
52. 
* 
• 068 4.-83 z. 34 • 335 7.IO 3. 2.0 all 
59 
** 
• 0643 4. 83 z. 34 • 335 7.10 3. 2.0 all 
Hydrogen Atom Positions Assumed: 
Hp 
Configuration X y z B X y z B 
- -
--.;.,. -.;.,. 
* 
staggered o. 0 0. I6 o. 95 1. 8 o.o -0.16 0._45 1. 8 
staggered • 10 ...... 10 • 91.3 4. 0 ...... 10 • IO • 42.0 4. 0 
** 
eclipsed{!) • IO-. 10 • 9I3 4. 0 • 10 
-
• IO • 42.0 4. 0 
or {Z.) 
-. IO • 10 .. 9I3 4. 0 -.10 .10 • 42.0 4. 0 
this first calculation was 0. 17. An electron density projection~ using 
observed hO 1 intensities and calculated phase angles left little doubt about 
the correctness of the assumed structure1 which could be clearly seen in 
the resulting map. Subsequent structure factor calculations improved 
the agreement between observed and calculated data. Initially, only z 
{boron) was varied until optim.um agreement was achieved. It w~s soon 
apparent..? however, that considerably more refinement was both possible 
and necessary1 if an accurate P-B bond length was desired. 
The simplicity of the structure~ as well as the special symmetry 
positions of the major atoms in it~ made the refinement process easier. 
In view of the fact that no refinement program for space group R3m was 
available for computers at the time1 it was decided to begin the process 
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by using difference. fourier maps. The hOl zone contains all of the struc-
tural parameters for phosphorus and boron~ so this projection was chosen 
for the refinement. For the calculations~ programs SFAC and Pittsburgher# 
were used. 
The stages in a cycle of difference map refinement as used here consist 
of structure factor calculation, electron density map calculation~ difference 
map calculation, and shift estimation. The structure factor calculation 
provides phase angles which are combined with the values of the observed 
hOI structure factors and used as input for the electron density map cal-
culation. This map provides only a general picture of the desired electron 
distribution-i and is not calculated for every cycle. The observed structure 
factors are then compared with the calculated ones 1 and the differences 
combined with the calculated phase angles to calculate a difference map 
analagous to the electron density map. The result gives peaks., positive 
and negative, near the atomic locations. By comparing the locations and 
amplitudes of these "error" peaks with the major atomic peaks of the elec-
tron density map .. shifts in atomic positions and changes in thermal para-
meters can be estimated. These shifts, when applied to the atomic para-
meters of the previous cycle., provide the input for the next structure fac-
tor calculation. 
# see Appendix II. 
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Early in the refinement process (Cycle ll..J Table II) it was noticed 
that although shifts in the isotropic temperature parameters resulted in some 
improvement, there was still an unaccounted-for error in the electron dis-
tribution., e:s:pecially near the phosphorus atomt even though hydrogen con-
tributions had been included. At such low values of R as were currently 
being obtained it is to be expected that thermal anisotropy will be notice-
able and parameters to account for this in the structure factor calcula-
tion were accordingly introduced. 
The anisotropic thermal parameters used in this refinement were those 
for the phosphorus and boron atoms only~ for reasons which will be given 
later. The full expression for the temperature factor of an atom with 
anisotropic motion is (30): 
T-l/2 = exp -1/4 (B 11h
2
a*
2 + B 22k
2b* 2 + B 33 1
2
c*
2 + 2B 12hka*b* 
+ 2B 23klb*c* + 2B 31lhc*a*) 
In the event that the atom in question occupies a site with known symmetry, 
the above expression simplifies according to rules given by Levy (31). 
This simplification results as follows for phosphorus or boron in PH3:BH3 ~ 
space group R3m: 
B ll = B zz=* 2B ll~ independent parameter 1 
B 33= independent parameter 2 
Bl3::; B32.= O 
Two independent parameters per atom-~ B ll and B 33" the former repre-
senting a type of motion isotropic in a plane perpendicular to the c-axis" 
and the latter representing another type of motion~ parallel to the c-axis.J 
express completely all possible vibrations of the phosphorus and boron 
atoms. 
The difference map refinement process was carried out through four 
cycles 1 after which it was impossible to distinguish any further anisotropy 
(30) James" R. W. ~ The Optical Principles cE the Diffraction of X-rays., 
London: G. Bell and Sons-~ Ltd.~ { 1953), p. 201. 
( 31} Levy., H. Aq Acta Cryst.-~ 9-~ 679 ( 19 56). 
in the phosphorus or boron atoms" or to see the hydrogen atoms at all. 
Although the agreement at this stage was good (R ;:: . 087)~ the possibility 
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of further improvement was not exhausted. In order to continue refinement 
without special programs_, the simple expedient was used of noting the 
minimum. value of R as it varies with parameter shifts on repeated struc-
ture factor calculations_, using all of the data. This method is practical 
.in a case such as the present one where the number of data is limited ( 84 
reflections ) and where there are few param.eters to be optimized. The 
method depends also on the reasonable assumption that optimum shifts in 
one parameter are not strongly dependent on the shifts of another; this is 
the same assumption which is made in least squares refinement using only 
the diagonal terms of the matrix of normal equations. (32). 
In this way~ the structural model was refined with respect to the two 
independent thermal parameters each of phosphorus and boron., respective-
ly. Each such refinement required from two to five independent struc-
ture factor calculations., depending on how quickly the upper and lower 
limits of the parameter variation were found which confined the minimum 
point in the variation of R.. It was noticed during this procedure that, not 
unexpectedly_, the disagreement index was much more sensitive to variations 
in the anisotropic thermal parameters of phosphorus than in those of boron. 
The electron density distributions controlled by the phosphorus parameters 
constitute 58o/o of the scattering matter in the unit cell. Six hydrogens., on 
the other hand~ contribute only 23o/o of the scattering matter~ and anisotropy 
may reasonably be ignored for this reason, as was shown by two structure 
factor calculations in which anisotropic parameters were used. One of 
these calculations was made with thermal parameters describing a swing-
ing motion of hydrogen atoms about the P - B axis., while the other calcula-
tion used thermal parameters corresponding to a vertical swing of the 
same atoms. The former calculation gave an increase in R of 0. 0006 and 
the latter an increase of 0. 0016 over a similar calculation with isotropic 
B parameters for hydrogen. This result shows either that the hydrogens 
are nearly isotropic or that the data do not warrant such elaborations as 
thermal anisotropy in hydrogen atoms. 
( 32) Lipson~ H., and Cochran, W. ~ The Determination of Crystal Structure~ 
London: G. Bell and Sons, Ltdos ( 1953), p. 282. 
Three-Dimensional Fourier Electron Density Maps 
In order to verify the structural model resulting from refinement and 
to locate the hydrogen atoms, if possible, three .. dimensional electron 
density calculations were carried out. A normal electron density map 
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was first calculated to check the Fourier Data Punching and the 704 Three-
Dimensional Fourier programs # preparatory to the succeeding difference 
map calculation. The result showed the phosphorus and boron atoms in their 
correctly assumed positions, but the termination of series error caused 
minor fluctuations in the background electron density which could not be 
distinguished from hydrogen electron density maxima. The three-dimensional 
difference map, however~ not being subject to series termination as severe 
as that in the electron density map., gave peaks which were in reasonable 
locations for hydrogen atoms (see figure 3). 
Six hydrogen atom maxima, rather than three, appear around both the 
phosphorus and boron atoms, indicating that the structure may be disordered. 
Thar.e are thus two possibilities for the hydrogen atom positions at each 
phosphorus atom and two such possibilities at each boron atom. It is not 
clear, and cannot be shown from the X-ray data whether the hydrogen atoms 
in any given molecule are in a staggered or eclipsed configuration with re-
spect to each other, since a crystal containing either configuration would 
give the same diffraction effect as long as the molecular arrangement was 
disordered. 
The hydrogen atom locations given by the difference map were different 
by a 30° rotation around the P-B axis from the positions assumed for hydro-
gen atoms in the refinement. This apparent error can be shown to have no 
effect on the refinement process, since the phosphorus and boron atoms 
were given parameters which have cylindrical symmetry, and therefore the 
angular positions of hydrogen atoms cannot affect the resulting electron 
distributions of the heavier phosphorus and boron atoms. Several structure 
factor calculations were carried out in order to check this, and it was found 
that, although some calculated structure factors had been slightly altered, 
the z paramete·r for boron and the values of Bij for boron and phosphorus 
which gave minimum R remained unchanged. This also serves as a check 
# see Appendix II. 
1/ 4 
1/ 4 
Figure 3. 
a 
Sum from 
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Z= 15/ 30 
Sum from 
Z =25 / 30 to 
Z=29/ 30 
SEC TIO NS OF TH REE-DIMENSIONAL DIFFERENCE MAP 
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on the assumption, stated above, that the atomic temperature parameter 
shifts are ess a ntially independent, and that an optimum value for one is 
unaffected by shifts in others. 
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A number of structure factor calculations were carried out with hydro-
gen atoms in various positions in an attem.pt to confirm the findings from 
the fourier difference map. The results of some of these are: I) for three 
hydrogen atoms around the phosphorus atom and three around the boron 
atom in a staggered configuration R = 0. 0673; 2) for the same combination 
of atoms,_ but in an eclipsed configuration R = 0. 0654i 3) for six half- hydro-
gen atoms each around both the phosphorus and boron atoms R = 0. 0643. 
The difference between these disagreement indices are so small that no 
conclusions should be based on them alone. However, the structural model 
implied by calculation 3) above seems to agree with the fourier difference 
map and, for this reason, should be considered as the preferred structure~ 
according to the X-ray data. Also~ the eclipsed hydrogen atom configura-
tion of calculation 2) seems to be favored over the staggered one~ in calcu-
lation 1), but this small difference may as easily be based on a fortuitous 
compensation of errors as 'On the correctness of one model or the other. 
For this reason, no clear-cut preference can be found. As was indicated 
previously, it is impossible eit.her to detect the correct configuration in a 
fourier difference map or to calculate structure factors with a strictly cor-
rect m .odel, because of the disorder which is apparently present. 
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VI. Discussion of Structure 
Table III gives the final parameters for phosphorus and boron~ from 
refinement~ and for hydrogen., from the three-dimensional difference 
map. Figure 4 is an isometric view of the contents of the unit cell, show-
ing the packing arrangement of the molecules, and assuming an eclipsed 
hydrogen atom configuration. It may be seen without difficulty that the 
arrangem.ent of phosphorus~ boron, and hydrogen atoms constitutes a set 
of monomeric PH3:BH3 groupings~ with no possibility of a multiple or 
polymeric arrangement. 
The P-B bond distance (Table IVh 1. 931 + 0. 012 R, is the same as 
that found in (CH3) 3P:BH3 (L 94 +. 02 1?..) and ((CH3)2 P:BH2) 3 (1. 935 
+. 0009 R), within the standard deviations., but somewhat longer than 
that in (NH 2) 3P:BH3 ( 1. 887 + • 013 .s\ ). Nordman ( 6) explained this short-
er bond distance when the structure of (NH_2) 3P:BH3 was published, by 
means of Hamilton1's argument (7) based on an expected lengthening of 
the P-B bond in ((CH3)2P:BH2) 3• The suggestion was that, although the 
stability of that compound resulted from resonance and from inhibition 
of decomposition reactions by the steric effect of the methyl groups., the 
compound had a weaker phosphorus-boron bond than the "normal" one, 
and that it was therefore longer. In view of two other 11normal11 instances 
of this bond, the compounds PH3!BH3 and (CH3 )3P:BH3., both of which 
closely approximate the longer distance, the bond in (NH 2) 3P:BH3 must 
be considered abnormal. 
A possible explanation of this bonding behavior in (NH2)3P:BH3 lies 
in the chemical effect of NH 2 groups on the phosphorus atom. The un-
shared electron pairs in these groups probably contribute additional 
electron density to the N -P bo:1ds. This is clearly confirmed from 
Nordmants data (6) in which these bond lengths average 1. 653 +. 005 R., 
much less than the 1. 785 + .. 03 R found for the N-P bond in H 3NP03-(33) 
and remarkably close to the 1. 65 _±_. 03 R found in (NPC12) 3 (34) which 
(33) Hobbs., E • ., Corbridge~ D. E. C.~ and Raistrick., B • ., Acta Cryst . ., 
6., 621 (1953). 
( 34) Brockway., L. 0 . ., and Bright., W. M., J. Am. Chern. Soc.,~., 1551 
(1943}. 
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TABLE III. 
PH3:BH3 ,.. FINAL STRUCTURAL PARAMETERS 
Atom X y z B 11 (::;B22) B 33 B12 
--- --- - ,-, 
p 0.0 o.o o.o 4.83 2. 34 4.83 
B • 0 • 0 • 335 7. 10 3. zo 7. 10 
Hp( 1/Z) • 10 -. 10 • 913 4.00 4. 00 4. 00 
Hp( 1/2) -. 10 • 10 • 913 4.00 4. 00 4. 00 
HB( 1/Z) .. 10 -. 10 • 420 4.00 4. 00 4.00 
HB( 1/2) -. 10 • 10 • 4ZO 4.00 4.00 4.00 
TABLE IV 
PH3:BH3 INTERATOMIC DISTANCES AND ANGLES 
Atom Atom Coniigur ation Distance, R 
p B 1.931+.012 
HI H4 at 0,. 0, 0 eclipsed* 2. 9Z 
H4 H1 at 0_. 0, 1 eclipsed 2.84 
H5 H1 at Z/3, 1/3, 1/3 eclipsed 2. 74 
Hz H4 at 2/31 1/3, 1/3 eclipsed z. 77 
Hz Hl at Z/3, 1/3~ 1/3 eclipsed or 
staggered 3. 2Z 
Hl H4 at 0., 01 0 staggered 3. 19 
H4 HI at 0,. 0, 1 staggered 3. 11 
H5 H1 at Z/3, 1/3, 1/3 staggered 1. 97 
Hz H4 at 2./3, 1/3_. 1/3 staggered 3. 11 
All P-H-B and B- P ... H angles were assumed to be 109°. 
* see figure 4 
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Figure 4. MOLECULAR ARRANGEMENT IN PH 3:BH 3 
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probably has considerable double bond character. A slight addition-
al electron density shift to the P-B bond could easily account for the 
shortening observed for that bond in (NH 2) 3P:BH3• 
Another interesting feature of the structure of PH3:BH3 is the 
probable location of the hydrogen atoms. Although, as stated in the 
previous section, the exact location of the hydrogen atoms in a given 
unit cell cannot be found from X-ray data because of the disorder, 
other factors limit the number of possibilities to be considered. Inter-
atomic distances calculated from the assumed hydrogen positions for 
the two possible configurations show that the staggered arrangement 
leads to minimum intermolecular H-H distances of 1. 97 .R~ while this 
distance for an eclipsed hydrogen arrangement is 2. 74 .R. Assuming 
a Van der Waals' radius of 1. 21?.. for hydrogen:~ (35), the staggered 
hydrogen atom model is not likely. Moreover, the minimum intramole-
cular H-H distance of 2. 92 .R in the eclipsed configuration shows that 
intramolecular steric effects should be of less importance than inter-
m .olecular ones. From this calculation or from the structure factor 
calculations alone, an eclipsed configuration would not be strongly in-
dicated., but from the combined evidence of the two calculations, the 
assumption of an eclipsed arrangem.ent for the hydrogen atoms seems 
to be a safe one. 
Knowing the molecular structure o£ PH3:BH3_, it is possible to 
make comparisons with three similar compounds discussed in section I: 
NH 3:BHy (CH3 )3N:BHy and (CH 3) 3P:BH 3• Free rotation is definitely 
not present in PH3:BHy since hydrogen atoms are found in fixed posi-
tions and since the space group has threefold symmetry. Rotation would 
not be unexpected in this com.pound:~ since it has an insignificantly 
larger effective molecular diameter than NH 3:BH3, and a much smaller 
effective molecular diameter than ·(CH3}3P:BH3' both of which molecules 
(35} Pauling_, L .. , The Nature of the Chemical Bond, Ithaca: Cornell 
University Press, (1939}1 p .. 176. 
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appear to rotate. In view of these structures and the non-rotating 
structure of solid (CH3)3N:BHy the only conclusion whicl(. can be 
drawn is that there is no information available at the present time 
on which to base a satisfactory explanation of the free rotations ob-
served. 
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VII. Suggestions for Further Work 
In the preceding sections, references have been made to compounds 
about which little or no structural information has been obtained. The 
articles in which these compounds are described are often brief~ and it 
is impossible in such a case to say how practical a structural investiga-
tion would be. The suggestions made here are therefore based primarily 
on chemical considerations~ not on practical aspects of the problem con-
cerned. 
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One of the most interesting problems concerns the compound 
PH3 (NH3)B 2H 6 (13). Although attempts might be made to prepare the 
material in crystalline form immediately, it would be advisable first to 
confirm or disprove the existence of such a compound. For this purpose~ 
one approach might be a. study of compound formation in the system PH3:BH3 
-NH3 by a combination of quantitative vacuum. synthesis and som.e conven-
ient physical method such as cooling curve determination. Assuming that 
the compound exists, it is suggested that the structure is likely to be simi-
lar to one o£ those proposed for the diammoniate of diborane (see table I). 
Parallel to the above-mentioned study~ another might be carried out 
on the diammoniate of diborane {9~ 10, 11, 12}. Difficulties have evident-
ly been encountered in pr.eparing single crystals of the compound, since, 
otherwise, the crystal structure would probably have been investigated 
previously. These difficulties may, in part, be related to the existence 
of two 11forms 11 of the ·com.pound which are known to exist from the exten-
sive investigation over a range of temperatures of the physical properties 
of liquid ammonia solutions of B 2H 6• 2NH3• Determination of the crystal 
structures of both forms is a possibility, if single crystals can be obtained. 
Two other little-known compounds of potential chemical and crystallo-
graphic interest are P 2H4 :B 2H 6 (14) and BH3NHNHBH3 (15). The first 
compound may contain molecules having unbroken B 2H 6 groups~ but it is 
more likely that it is composed of two BH3 groups joined to a P 2H4 mole-
cule. In either case.~ another example of a phosphorus-boron bond would be 
provided by a crystallographic investigation. The structure indicated by 
the formula of the borine-substituted hydrazine complex is apparent-
ly analagous to the more likely structure for the diborane compound 
with diphosphine. The structures might well be determined together, 
especially if isomorphism were found between the two. 
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PART TWO 
THE MOLECULAR AND CRYSTAL STRUCTURE OF DIMETHYLSULFOXIDE-
BORON TRIFLUORIDE 
I. Introduction 
The compound dimethylsulfoxide-boron trifluoride is one of a type of 
addition complex which involves a donor molecule or molecular species 
containing oxygen with two unshared pairs of electrons, connected by a 
weak bond to an electrophilic center. Most of the compounds of this type 
which have been characterized heretofore have been composed of the more 
common donor types such as ethers, ketones1 amines, cyanides,. or substi-
tuted phosphates. Only a few compounds are reported which contain di-
methylsulfoxide as the donor molecule., and~ in fact, the compound which 
is the subject of this study., dimethylsulfoxide-boron trifluoride"' is not 
found in the literature. 
Reported complexes of dimethylsulfoxide (DMSO} all involve metal 
halides. Lindqvist and coworkers have studied the relative donor strengths 
of a number of molecules by chemical means and have, in the process> pre-
pared DMSO:SbC13 , DMSO:SbC15 • and DMSO:SnC14 (36). Cotton has prepared 
(DMS0} 3NiC1 2, (DMS0) 3CoC12., (DMS0) 2PdC12(37), and has studied their 
coordination geometries using thermochemistry, magnetochemistry,. and 
spectroscopy. No X-ray crystallographic studies have been published of 
any of these complexes., but work on the structures of DMSO:SbC13 and 
DMSO:SbC15 is nearing completion (38). A structure determination carried 
out in the same laboratory on the re_lated complex POC13:SbC15(39} yielded 
distances and angles of the Sb-0-P linkage which will be compared to those 
(36) Lindqvist1 I • ., and Einarsson, P . ., Acta Chern. Scandq _.!l.., 420 (1959). 
(37) Cotton, F. A._, Abstracts1- 137th Meeting, American Chemical Society, 
( 19 60). p. 25M. 
( 38} Lindqvist" I.., private communication. 
(39) Lindqvist, I.., and Branden, C-J._, Acta Cryst., 12, 64Z (1959}. 
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of the Sb-0-S linkage when they are available from the study of DMSO:SbC15• 
This will provide a good opportunity to observe the effects of donor mole-
cule character on the donor-acceptor linkage. 
The structure of DMSO itself has been determined both by Bastiansen 
and Viervoll (40) and by Rundle (41), in both cases using electron diffrac-
tion. The C-S and S-0 distances and C-S-0 angles found by the two inves-
tigations compare well, and are apparently of good accuracy for electron 
diffraction work. The DMSO molecule has a pyramidal configuration with 
angles slightly more acute than tetrahedral, the exact values of which will 
be discussed in section V. 
Another methylated sulfur-oxygen compound, dimethanesulfonyl disul-
fide~ (CH3S0 2)2.S2 , has been studied by X-ray methods (42), and more ac-
curate bond lengths are available than the ones previously mentioned for 
DMSO. This is an instance, however~ where caution must be used in com-
paring bonds in somewhat different surroundings. The same holds true 
for the bond lengths of dimethylsulfone., which has been studied by electron 
diffraction (41). 
There are many known complexes of boron trifluoride~ research on 
such compounds having been encouraged primarily because of their use-
ful catalytic properties. No complexes with sulfoxides have been prepared, 
however_, and DMSO:BF 3 is not similar enough to any of the reported BF 3 
complexes to allow a close comparison. In the complex (CH3) 2o:BF y 
which has been studied by Bauer*s electron diffraction group (43), the 
methyl groups would have a steric effect on both the 0-B-F angle and on 
the 0-F bond length which would differ from the steric effect due to a 
( 40) Bastiansen, 0., and Viervoll, H • . :~ Acta Chern. Scand. _, 2., 702 ( 1948). 
(41) Rundle, R. E., Dissertation, California Institute of Technology ( 1941). 
(42) Sorum, H., Acta Chern. Scand. , .!_, 1 ( 1953). 
(43) Bauer~ S. H., Finlay, G. R., and Laubengayer_, A. W., J. Am. Chern. Soc., 
67 ~ 339 ( 1945). 
d ·ifferent donor molecule, DMSO. Certain other complexes which have 
been studied by X-ray diffraction, NH 3:BF 3 (44), CH3NHz:B~{(4S,) = , 
CH3 CN:BF 3 (46), and (CH 3) 3N:BF 3 (47) may be used only in a qualified 
comparison with DMSO:BF 3• 
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Boron trifluoride itself has been studied by means of electron diffrac-
tion (48) .and possesses a planar threefold- symmetric structure. This 
acceptor molecule undergoes more alteration than the DMSO donor mole-
cule in reacting to form a complex, judging by other complexes, the 
structures of which are known. Such a situation is found in the case of 
POC13 :SbC15 where the SbC15 molecular geometry changes from trigonal 
bipyrarnidal~ in the free state., to octahedral in the complex. The struc-
ture of the free acceptor molecule is therefore of minor importance in 
explaining the characteristics of the entire complex. 
A study of DMSO:BF 3 can be quite useful from a structural point of 
view. First, it provides new examples of several bonds in different chem-
ical situations than those investigated previously. A second interesting 
structural feature to be found by this study is the sequence of the bonding 
in the complex. While it has been assumed, from chemical considerations, 
that the link from DMSO to BF 3 is via oxygen, there is as yet no direct 
proof of this., and coordination via sulfur would be of interest, if found. 
Finally, the changes in interatomic distances in both the donor and accep-
tor molecules on joining to form DMSO:BF 3 may be shown, but with limited 
accuracy., since the only determinations of DMSO or BF 3 bond lengths have 
been by electron diffraction. 
(44) Hoard~ J. L . . , Geller, S . .., and Kashin., W. M., Acta Cryst., 4, 396 (1951). 
(45) Geller., S • ., and Hoard, J. L., ibid . .,~., 121 (1950). 
(46) Hoard~ J. L., Owen., T. B . .., Buzzell, A.~ and Salmon, O. N., ibid., 
~' 130 (1950). 
( 4 7} Geller, S., and Hoard.., J. L. , ibid.., 4_, 399 {19 51). 
(48) Nielsen, A. H., J. Chern. Phys .. , 22, 659 (1954). 
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II. Preparing Crystals for X-ray Analysis 
The crystals for this investigation were kindly provided by Dr. F. A. 
Cotton of the Chemistry Department~ Massachusetts Institute of Technolo-
gy. The compound was prepared by streaming gaseous BF 3 through a 
vessel containing dry dimethylsulfoxide. The reaction product was allowed 
to cool, after which crystalline material appeared in the bottom of the con-
tainer. This material had the composition of one mole of BF 3 to one mole 
of dimethylsulfoxide, and has therefore been formulated as {CH3) 2SO:BF 3• 
Dimethylsulfoxide-boron trifluoride {DMSBT) is unreactive toward 
atmospheric gases except water vapor, the presence of which causes small 
crystals to disappear into a liquid within ten seconds. Attempts to place a 
crystal quickly into a capillary and immediately seal it failed. Handling in 
dry air prevents this decomposition, however, and DMSBT is readily mani-
pulated on a binocular microscope "dry stage" consisting of a cardboard 
box with an open bottom and a glass top., about 4" by 6" by 2" deep, placed 
over the microscope stage {see figure 5). The box is equipped with 1/2" 
circular access ports on the sides., and is flushed continuously with dried 
nitrogen gas~ so that moist air cannot enter and affect the sample. 
A number of prism-shaped crystals were mounted in this apparatus~ and 
the space group and unit cell were determined on such samples. It was 
found, however, that in from two to three weeks., crystals mounted in capil-
laries under dry nitrogen., and sealed with melted "Apiezon" wax, would 
decompose. It was therefore not possible to obtain all o£ the desired crys-
tallographic data from one crystal using this mounting method. 
While attempts. to mount crystals permanently were being made, density 
measurements by flotation were undertaken. From the calculated X-ray 
density {section III, below) it was known that the crystal probably would 
float in a liquid of density l. 54., and the density of bromobenzene a.s found 
in the tables {49) was very near that value. When a sample crystal was 
immersed in this liquid., it was noticed not only that the crystal did not 
{49) Lange., N. Aq ed., op. cit.., p. 1314. 
Figure 5. MICROSCOPE DRY STAGE 
DRY N2 
/ 
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dissolve~ but that when the crystal was removed from the liquid and dried 
in air~ it was unaffected for up to a week by atmospheric moisture .. apparent-
ly due to an adsorbed layer of bromobenzene. Furthermore .. the diffraction 
patterns from such crystals coincided exactly with patterns from dry-mounted 
ones. Based on this accidental discovery .. a successful scheme for mount-
ing crystals was devised. 
A number of crystals of DMSBT are first immersed in bromobenzene 
for a minute or so .. then removed and dried on a piece of filter paper in the 
open air. When dry .. one suitable crystal is selected and placed in a thin-
walled capillary .. a small drop of bromobenzene is introduced after it~ and 
the capillary is sealed. Crystals prepared in this way remain stable for 
an indefinite period and are affected neither by moisture nor by the protec-
tive liquid7 bromobenzene. A number of crystals were thus mounted in 
various orientations~ and two of them were eventually used for the collec-
tion of diffraction data. 
35 
Ill. Determination of Space Group and Unit Cell 
A dry-mounted crystal having the prism axis parallel to the capillary 
axis was selected~ and zero level Weissenberg., rotation, and precession 
photographs were taken. These exhibited systematic extinctions of k=2n+ 1 
along Ok01 and 1=2n+ 1 in hO 11 in a monoclinic lattice., second setting (26). 
The extinctions lead uniquely to the space group P 2 1/ c, which has a gen-
eral fourfold position and is centrosymmetric#. The unit cell dimensions 
which were obtained represent averaged values from two sets of shrinkage-
corrected photographs taken on a precession camera calibrated against 
similarly corrected photographs of a sodium chloride crystal. 
a= 6. 058 + • 005 R. 13= 113.30 +. 10° 
b = 9. 893 + • 020 R. 
c = 11. 244 +. 015 R Volume :::: 618 .. 9 R.3 
- -3 
p = I. 566 gm -em ~- calculated on the basis of 
Z c 4 molecules of (CH3 ) 2so:BF 3 per unit cell. 
The density of a l. 2- gm sample of DMSBT, determined by displacement 
-3 from bromobenzene, was l. 565 gm em . A radio-frequency resonance 
test gave negative results, thus showing that the crystal may be centro-
symmetric. 
# se.e Appendix III. 
IV. Attempts to Determine Structure in Projection 
Collection of Intensity Data 
Intensity photographs were taken with a Buerger precession camera, 
using Mo Ka radiation (X. c 0. 7107 R ). Two bromobenzene-coated 
crystals of similar size were used, both about 1/3 mm in diameter and 
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1 mm long, one oriented about the b* axis and the other about the c* axis. 
A total of sixteen zero and upper layers were photographed, and the inten .... 
sities were measured using the Integrating Photometer (see Appendix I) 
standardized by a series of timed exposures from a similar crystal. 
Lorentz and polarization c.orrections were applied, and atomic scatter-
ing parameters, f, were calculated for each reflection by the analytical 
approximations of Forsyth and Wells (50) using the program Incor-P# 
for the IBM 650 computer. Absorption errors were ignored due to the 
small size of the crystal and low absorption indices, f.L, of the atom.s in 
the compound. fJ.R. for a typical crystal was calculated to be 0. 11, giving 
maximum error less than 1% on the precession camera. 
Data from the sixteen layers were placed on a single scale by the 
method of Dickerson (51) modified according to the suggestion of Rollet 
and Sparks (52).. The observed intensities were weighted in proportion 
to the corresponding values of F in this calculation which was done by 
0 
means of special scaling programs#. 1391 of 1540 available independent 
reflections within the range of the precession camera were recorded~ of 
which 1024 were observed and 367 were unobserved. The unobserved 
reflections were given an arbitrary value of one-half of the lowest obser-
vable value for the layer, but were not considered in the scaling calcula-
tion. 
# see Appendix II. 
(50) Forsyth., J. B. t and Wells, M., Acta Cryst., 12, 412 ( 1959). 
(51) Dickerson, R.E., ibid., 12, 610 (1959) . 
(52) Rollett, J.S., and Sparks, R.A., ibid., 13, 273 (1960). 
The 1391 observed and unobserved reflections, plus the 76 extinct 
reflections within the 
to the U-1 program#. 
full set of reflections 
range of the precession camera were used as input 
In this calculation~ the data were expanded to the 
found within the reciprocal sphere, and divided 
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into groups of ascending value of diffraction angle~ after which the method 
of Wilson {29} was applied to derive the isotropic overall temperature and 
absolute scale factors. The calculation was carried out twice with different 
group sizes, the first time with 14 groups of approximately 400 reflections 
each, and the second time with seven groups of approximately 800 reflec-
tions each. The second calculation gave a more easily interpreted plot, 
but the isotropic temperature value, B =- 3. 46, was practically the same 
for both. {see figure 6). 
All of the crystallographically independent reflections were then pro-
cessed by the U-II program #to obtain a set of sharpened Patterson co-
efficients and a set of unitary structure factors. The sharpening function 
given by Lipscomb {53) was used for the first calculation, and Bouman's 
expression for unitary structure factors {54) was used in the second. The 
average value of the unitary structure factors was 0. 214, slightly higher 
than the theoretical value 
N- 1/ 2 :::: 0. 177; N :::: 32 :::: number of scattering centers /unit cell. 
{hydrogen is omitted) 
due to the fact that this compound does not conform to the condition of 
equal atoms required by the theory {55). 
# see Appendix II. 
(53) Lipscomb~ W. N . ., private communication. 
(54) Kasper, J. S • ., and Lonsdale., K., eds • ., International Tables for 
X-ray Crystallography., vol. II~ Birmingham: The Kynoch Press { 1959). 
''Inequality Relations Between Structure Factors, 11 by J. Bouman~ p. 358. 
(55) Hughes., E. W . ., Acta Cryst. , 3.~ 34 ( 1949). 
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Figure 6. WILSON PLOT FOR (CH 3) 2SO:BF 3 
Patterson Method in ( 100) Projection 
On considering the lengths of the unit cell axes, it was decided to use 
the ( 100) projection for the initial two-dimensional Patterson calculations 
since the a-axis is the shortest and gives the least likelihood of overlap 
of the atoms. The ( 100) Patterson function was accordingly calculated 
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and printed out in duplicate on tracing paper, using the IBM 407 Accounting 
Machine. Mter a preliminary unsuccessful attempt to recognize specific 
interaction peaks in this projection~ further analysis was begun by the super-
position method. A number of possible single peaks were chosen and 
Buerger's M2 function (56) was obtained using each of these as a shifted 
origin~ All of the resulting maps contained more peaks than the eight which 
should be expected in the asymmetric unit~ and therefore, M4_,. or double 
superposition maps, were made from various combinations of the M2 maps. 
Several possible trial structures were deduced from these maps and from 
one M8 map which was later made 1 but none of these could be verified by 
structure factor calculations. It was also found that, upon combining 
higher order superpositions,. peaks gradually disappeared"' leaving too few 
possible atomic locations. This and the lack of suc-cess of the structure 
factor calculations suggested that the shifted origins which had been selec-
ted for the M2 maps were probably not single interactions,. but were com-
posite peaks"' the maxima of which did not correspond to interatomic vec-
tor termini. If this were true~ any further two-dim-ensional Patterson 
superpositions would be reduced to the level of sheer guesswork. More 
powerful methods were accordingly considered for obtaining trial models 
and the solution of the structure. 
Woolfson's Method in (100) Projection 
The failure of two-dimensional Patterson techniques left direct 
methods of structure factor phase determination as the only possible ap-
proach short of three-dimensional analysis. Of a number of these direct 
methods currently found in the literature~ Woolfsonts application of the 
(56) Buerger~ M. Jq Vector Space~ New York: John Wiley and Sons Inc. 
(1959). p. 273 ff. 
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triple product relationship (57) seemed to be the most convenient one to 
use. This method requires that the phases of some reflections be assumed 
beforehand so that subsequent choices may be made with respect to a ref-
erence group. The reference group is then systematically modified until 
all of the probable phase combinations have been covered. Each of the sets 
of phases derived is combined with the observed structure factors. F 1 0 
and a fourier electron density map is calculated. Evaluation of this result 
is on the basis of chemical reasonableness of the bond distances and angles 
in the. resulting trial structure~ and on the basis of the agreement between 
observed and calculated structure factors. 
In the Okl zone~ 34 reflections which have unitary structure factors 
greater than 0. 27 were chosen for application of Woolfsonts method. The 
12 gg reflections were used as the reference group~ and~ on the basis of 
inequality relationships summarized by J. Bouman (54)_. 24 probable com-
binations of phases were chosen for those reflections. For each of the 
combinations, phases of the remaining uu, gu, and ug groups were deduced. 
A two-dim.ensional fourier map of the electron density was calculated and 
contoured for each complete set of phases~ and one or more plausible trial 
structures were postulated to fit the peaks. A structure factor calculation 
then completed the evaluation process for each map. 
After careful consideration of the more reasonable-looking of the 24 
resulting electron density maps1 no patterns of atomic peaks seemed to 
be persistent. The structure factor calculations showed none of the trial 
structures to be correct, since the lowest disagreement indext R~ obtained 
for any one was 0. 42. Therefore.., attem.pts at refining the better models 
were not made~ nor were the electron density maps studied further. 
(57) Woolfson~ M. M. ~ Acta Cryst., 10_. 116 ( 1957). 
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V. Three-Dimensional Structure Analysis 
Harker Section 
The simplest three-dimensional calculation is the Harker section~. 
which~ in space group P2 1/c~ consists of the section of the three-dim.en-
sional Patterson at Y = 1/2. Coefficients were prepared for the calcula-
tion of this section~ from the complete set of three-dimensional sharpened 
Patterson coefficients. The Bounded Projection program# produces a 
set of fourier amplitudes which, when applied as in a standard two-dimen-
sional fourier summation, give a section from the three-dim.ensional map. 
This program was used, and the Harker section map was plotted and 
contoured. 
In order to facilitate interpretation of the Harker section, a Buerger 
implication diagram (58) was drawn. The first choice of a peak for an atom 
in such a diagram is optional,J but there is a twofold ambiguity, for space 
group P2 1/c, about the positions of all of the other atoms (58). The sulfur 
atom was placed at the heaviest peak,. but the ambiguities hindered further 
interpretation. Attention was then turned entirely to the three-dimensional 
Patterson calculation. 
Three-Dimensional Patterson Function 
A three-dimensional, sharpened, origin-free Patterson map was cal-
culated., using the coefficients prepared~ as described previously, by the 
U -II program #. The coefficients required further preparation by the 
Fourier Data Punching program#, after which they were used directly by 
the TDF - 2 Fourier program#. 
The resulting Patterson map showed two strong peaks, one of which 
was in the Harker section, mentioned above, and the other of about the 
same amplitude was in the Harker line., 0., Y ~ 1/2. A number of smaller 
peaks about half as intense as the first two were found in the map in gen-
eral positions. Assuming a sulfur-sulfur interaction of about the magni-
# see Appendix II. 
(58) Buerger~ M.J., op. cit., p .. 145, p. 149. 
tude of the second highest group of peaks., two double-weight peaks., such 
as those found in the Harker section and line~ would be expected due to 
symmetry. The coordinates of these Harker peaks were related unambi-
guously to only one of the peaks in general positions, and this peak was 
accordingly assumed to be a sulfur-sulfur interaction. 
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A number of methods were used in an attempt to interpret the Patterson 
map further~ but no consistent results were obtained. Also., a comparison 
was made between the Harker section implication map., and the hO 1 view of 
the Patterson map..,. but none of the trial structures thus observed seemed 
to give satisfactory agreement between observed and calculated hO 1 structure 
factors. 
Solution of ( 100) Projection 
The major result of the three-dimensional analysis was the position 
of the sulfur atom; location of other atoms was apparently not possible 
without full three-dimensional superposition. This limited knowledge was 
applied effectively in two dimensions" however., by using the location of 
the sulfur-sulfur interaction in the ( 100) Patterson map. It is interesting 
to note that, although this interaction must be the strongest single one in 
the Patterson., it is located on one side of a larger., composite peak in the 
two-dimensional map~ and could never have been located without three-
dimensional analysis. 
This Patterson peak was used as a shifted origin in obtaining a new 
map of Buerger's M2. function. Only one superposition was made~ since 
the peak chosen as the shifted origin was necessarily a suitable one., and 
since the results led to reasonable trial structures. 
Structure factor calculations were carried out for two trial structures 
based on the M2. map., and both of them gave much better agreement between 
observed and calculated structure factors than had any previous one. After 
some shifting~ fourier electron density and difference map calculation., and 
recalculation of structure factors., a single model was finally found which 
gave a disagreement index of 0. 2.3 for all of the Okl reflections. Some of 
the peaks were overlapped in this projection., and although the resulting 
electron density map was clear and indicated reasonable bond lengths, no 
further improvement of this projection seemed warranted at this time. 
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Solution of (010) Projection 
Calculation of Okl structure factors with the known sulfur atom only, 
gave the interesting result that approximately 90o/o of the structure factor 
phases were determined by the sulfur alone, even though the disagreement 
index for a structure factor calculation with only this atom was 0. 50. A 
fourier electron density map calculated from the phases derived from sul-
fur only definitely showed a recognizable image of the correct structure, 
with the addition of some extraneous peaks. 
Two other electron density maps were immediately calculated in the 
(010) and (001) projections, based on similar phase assignments from 
structure factor calculations with sulfur only. The (001) projection 
showed such pronounced overlap that only two unconnected areas of elec-
tron density were found on the map. Since the (010) projection showed 
slightly better resolution, and because the Harker section map gave sim.-
ilar information to that projection, it was chosen for further work toward 
obtaining the third coordinate of each of the atoms. 
Superposition of the Harker implication diagram on the electron den-
sity map derived from the structure factor calculation with sulfur only, 
gave a number of trial structures. Each of these was interpreted without 
changing the known z-dimension of each atom from the Okl projection, and 
hOl structure factors were calculated from new x- and old z- coordinates. 
Good agreement was not obtained from any of these models, although 
subsequent fourier error maps indicated that the dimethylsulfoxide group, 
at least, was well placed. Fourier maps based on the phases of structure 
factors just calculated gave new possible trial structures with differently 
located BF 3 groups. These were again used for structure factor calcula-
tions., and one of the models gave a disagreement index of O. 29 for all hOI 
structure factors. Since overlap was particularly bad in this projection, 
no refinement or improvement was attempted. 
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VI. Verification of Structural Model and Refinement 
Structure Factors and Differential Synthesis 
To confirm the three-dimensional trial structure resulting from the 
combined ( 100) and (0 10) projections~ a three-dimensional model was made. 
The dimethylsulfoxide molecule was found to be triangularly pyramidal~ con-
firming the electron diffraction work of Bastiansen and Viervoll (40) and of 
Rundle (41). The BF 3 group seemed to be nearly planar., as found by Nielsen 
in BF 3 gas (48)., although the boron atom~ being the lightest., would be most 
subject to change in position when refinement was begun. The bonding be-
tween the two groups was via the oxygen atom~ and all angles and distances 
seemed reasonable from a chemical standpoint. 
A three dimensional structure factor calculation was made using the 
lowest 40o/o of the observed reflections., in order of increasing diffraction 
angle. This group of reflections gives better agreement between observed 
and calculated structure factors than the entire body of data~ unless the 
trial structure is incorrect., and good agreement for the low-angle reflections 
is a strong indication that any remaining errors are minor ones in coordinates 
and temperature factors . The disagreement index for this calculation was 
0. 371 and was considered good enough so that three-dimensional refinement 
could be started. 
The Differential Synthesis program# was used to improve the assumed 
structure. In this method., electron densities and their first and second 
derivatives are calculated for each atom at the assumed coordinates 1 based 
both on observed and calculated structure amplitudes. Two sets of shifts 
are calculated and combined .. and the back-shift correction method of Booth 
(59) is applied to compensate for terminottion of series error due to limi-
ted data. The final result is a set of coordinates which may be used in the 
next structure factor calculation for the atom being refined. Corrections 
in individual isotropic temperature factors are made by inspection of the 
difference between the observed and calculated electron densities., and 
estimation of the correction needed. 
# see Appendix II. 
{59) Booth~ A. D., Trans. Farad. Soc.~ 42~ 444 ( 1946). 
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The first cycle of differential synthesis followed by structure factor 
calculation lowered the disagreement index to 0. 32~ and the second and 
third cycles brought it down to 0. 26 and 0. 23, respectively. The apparent 
decreasing rate of convergence suggested that all three-dimensional data 
should now be included, and this was accordingly done. After the next 
structure factor calculation, R increased to 0. 38~ as was expected, due to 
the inclusion of high angle reflections.. To speed the refinement process, 
all reflections having F /kF less than or equal to 0. 20 were removed at 
c 0 
each cycle before the succeeding differential synthesis calculation. 
The next two differential synthesis cycles brought R to 0. 32 and the 
decreasing speed of convergence seemed to indicate that anisotropic ther-
mal parameters could now profitably be applied. Following this, however, 
the disagreement index stopped decreasing~ and neither isotropic nor 
anisotropic tem.perature parameters had any _effect on the refinement. 
At this stage it was noticed that the boron atom seemed to shift errati-
cally after each differential synthesis cycle, and furthermore, the fluorine 
atom.s did not seem to converge well. To check the trial structure once 
more~ a calculation was carried out on the most recent values of the struc-
tural parameters to find the interatomic distance values. The Distance 
program# was applied to these parameters, and the resulting B-F distances 
were found to be inordinately different from. one another, ranging from 
1. 06 to 1. 65 R.. This was taken as an indication that the boron atom, being 
the lightest in scattering power (except for hydrogens), was coalescing with 
electron density maxima of adjacent fluorine atoms, almost twice as heavy. 
The initial placement of the boron atom had been only approximate.~ : and 
was probably the least accurate of any of the atoms used in that model,. 
having been overlapped by others in both of the projections studied. It is 
quite likely that~ although an expected maximum does, in fact .. occur in 
the observed electron density function for boron, this atom was initially 
placed slightly beyond the "saddle point" in that function between the boron 
center and the center of one of the fluorine atoms. Under these circum-
stances, the boron atom ,could be forced away from its correct position 
# see Appendix II. 
by the refinement process., thus initially decreasing the error in certain 
calculated structure factors~ but eventually increasing the error in many 
more. 
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Assuming this to be the case, several arbitrary positions were chosen 
for the boron atom, near its expected position, and bond distances were 
calculated for each. A position was finally chosen1 for which the B-F dis-
tances were all between 1. 32 and 1. 36 R. Using these coordinates for 
boron~ a new set of structure factors was calculated for the low 40o/o of 
the reflections, and a much better agreement (R = 0. 22) resulted than at 
any time previously. 
The foregoing experience shows a number of things. First., the 
assumption that the low 40o/o of the data would not agree if the structure 
was, in fact, incorrect is confirmed1 since the rate of convergence for 
those data began to decrease quite early~ and the coordinate shifts were 
as erratic as those obtained using all of the data. Second, complete con-
vergence with respect to atomic position shifts should be expected before 
anisotropic thermal parameters are introduced ( 60)., both to avoid erro-
neous shifting and to detect the presence of such incorrect structural 
features as would appear in the form of excessive shifting. Finally, 
bond distance checking should be done in every refinement cycle, and the 
resulting values should be watched.: for departures from realistic values. 
Anisotropic Thermal Parameters 
The low 40o/o of the reflections were further refined until the coordinate 
shifts became small, and R dropped meanwhile to 0. 20. The B-F distances 
were carefully watched, but the boron atom shifted only to a more reasonable 
location, and soon stopped shifting entirely. At this point, the complete 
data gave a disagreement index of 0. 29, much higher than the low 40o/o of the 
data., because of marked anisotropicity in the atomic thermal motion which 
always causes greater error in high-angle reflections. In view of the 
( 60) Shiono., R .. , IBM 650 Programs for Crystallographic Computing, 
Technical Report No. _2_., University of Pittsburgh (1959). Appendix. 
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saving of computer time~ however, refinement with anisotropic thermal 
parameters was begun on the low 40% of the data. This was further justi-
fied by the fact that the two groups of data could be expected to produce 
nearly identical structures, after total refinement. 
In the differential synthesis procedures used here" electron density 
ratios and first and second derivatives with respect to atom coordinates 
are found at each cycle automatically by the program .... but for isotropic 
thermal param.eter calculations• they are not used, and corrections must 
be estimated and applied by hand. In anisotropic refinement:!' these ratios 
and derivatives are used in a set of simultaneous equations to solve for 
shifts in Bi. parameters and in scale factor. The Temperature Factor 
Solutions p;ogram# is used for this purpose., but requisite to the solution 
are the derivatives of the electron density with respect to the B.·~ which 
. ~ 
are approximated for each atom by the Temperature Factor Sums program#. 
A complete cycle of anisotropic refinement therefore consists of a structure 
factor calculation followed by a differential synthesis, temperature factor 
sums., and temperature factor solutions calculation, for each atom being 
refined. While Shiono ( 60} states that temperature factor sums need not 
be calculated more than once or twice during the refinement~ it has been 
found in this work that calculation is needed after every second or third 
cycle. The reason for this is probably that, while Shionots calculations 
have been mostly on equal-atom organic compounds with at most one heavy 
atom., the present work deals with atoms not equal, but within a range of 
scattering power. For this reason, in the present case, scaling factor 
fluctuations act with varying effect on the different atoms, and temperature 
factor adjustments for most atoms have more effect on the scaling factor. 
# see Appendix II. 
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After each structure factor and differential synthesis calculation~ 
the shifts in coordinates and temperature factors were inspected. .When 
the temperature factor shifts were large~ the coordinates were left un-
changed, but when the temperature factor shifts began to decrease. the 
coordinate shifts calculated by the refinement routine were applied. When 
the shifts in all of these parameters became smaller 1 20o/o more of the 
data were added, making 60o/o of the reflections which were being used in 
each cycle3 and again1 when the shifts became small using 60o/o of the data3 
all reflections were included on the . next cycle. The ratios of the observed 
to the calculated derivatives of the electron density soon began to approach 
one, and., on the last few cycles with all of the data,. the calculated shifts 
rapidly declined toward zero. 
The refinement was assumed to be complete when the coordinate shifts 
all fell below 0. 0002~ or approximately 0. 002 R. The deviations of the 
derivative ratios at the completion of the refinement were as follows: 29 
ratios were within 2o/o of 1. 000.~ 18 were within from 2 to 5%., 12 were 
within from 5 to 10%~ and one was 35o/o off. The final value of R for 1024 
observed reflections was 0. 208. 
VII. Discussion of Structure 
The final values of the structural parameters are given in table V. 
Selected interatomic distances and bond angles of interest are given in 
table VI~ and a general view of the molecule and the unit cell is given in 
figure 7. It may be seen immediately that the DMSO molecule is joined 
to the BF 3 group by way of the oxygen atom, confirming what was con-
cluded from the model before refinement. 
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In the free DMSO molecule the bond lengths and angles determined by 
electron diffraction are: S-C, 1. 82.1?., S-0,. 1. 475\, C-S-0, 107°, and C-S-C, 
100° (40). The dimethylsulfone molecule has S-C bonds which are the same 
length as those in DMSO within experimental error, and S-0 bonds which 
are considerably shorter than those in DMSO and DMSBT. The dimethane-
sulfonyl disulfide structure was determined by X-ray crystallography and 
contains an S-C bond 1. 771?. long and two non-equivalent S-0 bonds 1. 441\. 
and 1. 52R. in length (42). Comparing the values of the S-0 and S-C bond 
lengths in DMSO with the values of 1. 521?. and 1. 75-1. 77 ..R for the corres-
ponding bonds in DMSBT, it is apparent that an increase in the S-0 bond 
length and a decrease in the S-C bond length have taken place on going 
from the free molecules to the cn:m~plex. This difference, in the case of 
both bonds, is nearly within the experimental error., since the DMSO bond 
lengths are the result of electron diffraction studies. Conclusions will be 
drawn, however~ on the assumption that the differences are significant. 
The increase in the S-0 bond length on going from DMSO to DMSBT might 
be expected on the basis of a transfer of electrons from this bond to the 
vicinity of the 0-B bond. The resulting decrease in the bond order in the 
S-0 bond, however., affects the rest of the DMSO part of the molecule, anti 
the observed changes must be explained considering the nature of the hybrid-
ized sulfur orbitals. The 3s orbitals, in particular, have the effects of shor-
tening and strengthening the S-0 bond and flattening the molecular configura-
tion (61). A decrease in the strength of the S-0 bond therefore would dimin-
ish the contribution of the 3s orbitals, and the C-S-0 and C-S-C angles wotild 
(61) Moffitt~ W. E., Proc. Roy. Soc., A20~ 409 (1950). 
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TABLE v. 
(CH3}2SO:BF 3 .. FINAL STRUCTURAL PARAMETERS 
Atom X y z 
--
s 0. 0405 0. 2068 0. 1481 
F1 . 1730 • 9821 . 3361 
F2 • 4795 . 1108 • 3602 
F3 0 4572 0 9106 0 2574 
0 • 1981 • 0859 • 1531 
ci • 7497 • 1392 • 0823 
c2 • 0449 • 2896 • 0096 
B • 3364 0 0156 • 2837 
Atom Bll B22 B33 B12 B23 B31 
-.--
s 3. 17 2. 71 2.04 o. 93 -0.19 o. 76 
F1 9. 13 8. 37 5. 78 -2.58 I. 48 3. 81 
F2 7.77 7. 10 8. 08 -4.34 I. 25 -2.78 
F3 14. 27 10. 89 6. 45 10. 12 3. 97 2. 54 
0 4. 28 4. 90 2. 18 I. 72 • 70 I. 33 
c1 4. 20 3. 56 6. 16 • 98 • 51 2. 91 
c2 5. 53 4. 15 3. 50 • 86 I. 79 2. 09 
B 4. 18 2. 39 2. 89 • 39 • 57 • 30 . 
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TABLE VI. 
(CH3 )2SO:BF 3 -INTERATOMIC DISTANCES AND ANGLES 
Atom Atom Distance~ R 
s 0 l. 517 
s cl 1. 751 
s cz l. 769 
0 B 1. 539 
B Fl 1. 378 
B F2 1. 337 
B F3 1. 369 
Atom Atqm Atom Angle., degrees 
---
0 s cl 103. 1 
0 s cz 99.7 
cl s cz 99.7 
s 0 B 119.2 
0 B F1 107. 7 
0 B F2 105. 3 
0 B F3 105. 8 
Fl B F2. 106. 7 
F2 B F3 114.0 
F3 B Fl 116. 5 
~ 
~ 
\ 
'x 
\ 
Jt--l __ .__ ____ . 
Figure 7. MOLECULAR ARRANGEMENT IN (CH 3) 2SO:BF 3 
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accordingly decrease, which is in agreement with the observed changes. 
The S-C bonds in DMSBT are shorter than those in DMSO, but no 
good explanation can be offered for this other than the fact that some 
electron density of sulfur released from the S-0 bond in forming the com-
plex might find its way into the S-C bond. 
The S-O bonds in DMSBT and in dimethanesulfonyl disulfide are 1. 52R 
in length, while the same bond in DMSO is 1. 471?... All other S-0 bonds 
mentioned previously are much shorter, being in the vicinity of 1. 441( 
long. The comparison of the S-0 bond in DMSO with the shorter S-0 bonds 
was given by Moffitt as a confirmation of his prediction based on molecu-
lar orbital calculations that the alkyl sulfoxides should have appreciably 
longer S-0 bond lengths. The longer S-0 bond length found in DMSBT 
further confirms his predictions, even though the bonding of the oxygen 
atom has been altered. In addition, a semi-quantitative estirm.te of the 
bond order in DMSBT may be made, based on a correlation between S-0 
bond lengths and bond orders. Taking into account the sigma S-0 bonds 
studied by Moffitt (61), the following relationship may be postulated for 
bonds longer than 1. 44R : . 
rr Pso = 1. 0 - 5. 0 { S-O bond length- 1. 44 ) 
where p~0 is Moffitt's notation for pi bond order in the S-0 bond. Accord-
ing to this relationship, DMSO should have a value of p;0 = O. 85, which is 
very ne.ar Moffitt's calculated value of O. 82, considering the errors in bond 
rr lengths which are possible. On this basis, the pi bond order, Pso= 04 60 
both for dim ethane sulfonyl disulfide and for DMSBT. 
Only one other example of oxygen as a donor atom in a BF 3 complex has 
been investigated, and that study was by electron diffraction. The 0-B-F 
and F-B-F angles in {CH3)20:BF 3 were arbitrarily assumed to be tetra-
hedral, but the 0-B and B-F bond lengths were determined from the data 
and are 1.. 50.R and 1. 43 R, respectively. The 0-B bond in this compound 
is shorter than the 1. 54 5\length which that bond has in DMSBT. This may 
be partly due to the smaller size of the dimethyl ether molecule compared 
to the dimethylsulfmdde molecule, but this is not certain. This investiga-
{ 62) Westrik, R., and Macgillavry, C. H., Rec. Trav. chim., 60~ 794 { 1941). 
tion of {CH3) 20:BF 3 gives no values for angles with which the BF 3 
angles in DMSBT may be compared, and the B-F distance in the 
ether complex is probably unreliable,. since its length of 1. 43 R is 
not as close to the B-F bond length in DMSBT as is the average B-F 
bond length of 1. 38 R in the series of BF 3 complexes having substi-
tuted nitrogen donor at·oms. 
One other structural feature of DMSBT is of interest and may be 
compared with a known property of another structure. The S-0-B 
angle was found to be 119°, considerably less than the 144° P~O-Sb 
angle in POC13:SbC15 (39). One interpretation of this is that in 
DMSBT., orbitals contributing to the oxygen bond structure are pri-
marily sp2 and p, while in the SbC15 complex, a larger contribution 
from sp and two p orbitals is present. This could be explained by pi-
orbital bonding, the availability of which would make orbitals in oxygen 
m .ore important. The availability of pi bonding orbitals in antimony 
but not in boron confirms this explanation. 
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VIII. Suggestions for Further Work 
It is apparent from the lack of suitable parallels to the DMSBT 
structure that investigation of a number of other DMSO complexes 
would be appropriate. As was mentioned earlier~ work is nearly 
complete on the structures of DMSO:SbC13 and of DMSO:SbC15 (38) .. 
The compounds prepared by Lindqvist (36) and some of those pre-
pared by Cotton (37) provide examples of other DMSO complexes 
which have been systematically investigated with respect to relative 
strength of different acceptor molecules. Structural studies of such 
compounds would seem to be justified in cases where other informa ... 
tion about the bonding in the complex is available. 
Structural analysis of some of the many BF 3 complexes which are 
described in the literature might be valuable. In the case of a previous 
systematic investigation by Geller and Hoard mentioned above ( 44" 45" 
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46~ 47) information was obtained as to the chemical consequences of 
variation in donor molecule size. Investigation of one or two more com-
pounds similar to those previously studied might yield information about 
both chemical and steric effects of the donor molecule on the BF 3 com-
plex. Hydrazine, hydroxylamine.~ dimethylamine, and nitrous oxide are 
suggested as examples of such donor molecules. The feasability of study-
ing the BF 3 compounds formed with these molecules would depend~ how-
ever~ on the existence of N-bonded complexes, and on the physical pro-
perties of the products. 
APPENDIX I. 
AN INTEGRATING PHOTOMETER FOR ESTIMATING DIFFRACTED X-RAY 
INTENSITIES FROM FILMS 
Introduction 
In estimating the intensities of the diffracted X-ray beams in single 
crystal structural studies~ the photographic method is ultimately accur-
ate to approximately one to three percent~ a limit set by granularity 
and non-uniformity of the emulsion ( 63). In contrast with this~ published 
instrumental methods for measuring these· intensities { 64., 65~ 66, 67) 
have generally shown an accuracy of about five percent. This indicates 
that these methods do not make full use of the potentialities of film as 
a method of recording intensities. It is further noted that the methods 
referred to above require considerable time and money to set up, which 
discourages their use when only limited application can be forseen and 
when the visual method is readily available. 
The technique presented here, while it does not improve on the 
accuracy obtainable by many other methods, still offers advantages 
in terms of ease of construction and low cost. It is also apparent that 
the principle used, since it is a new one, may be capable of extension 
to higher accuracy measurements by incorporating it into more elabor-
{63) Beu, K. E . ., Rev~ Sci. Inst. ~ 24, 103 (1953). 
(64) Astbury, W. T., Proc. Roy. Soc . ., All5~ 640 {1927),. and A123, 
575 (1929). 
(65)Robinson, B.W., Proc. Roy. Soc., Al30,. 120(1930)., and 
- .--
J. Sci. lust., 10, 233 ( 19 33). 
(66)Dawton, R.H.V.M., J. Sci. lust . .,_!!,. 198(1937), Proc. Phys. Soc • . ,
~., 919 (1938)., and (with Robertson, J . M.) J. Sci. lust.~ ~~ 126 
(1941). 
(67) Alexander, E., Fraenke1, B.S., Many, A., and Steinberger, I. T • . , 
Rev. Sci. Inst .. , 24, 955 ( 1953), and Alexander., E • ., and Fraenke1, B.S.~ 
Rev. Sci. Inst • . , 26, 895 ( 1955). 
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ately constructed apparatus. The instrument is basically a modified 
film densitometer which derives true integrated spot intensities with-
out scanning~ from films taken on non-integrating cameras in the 
conventional way. 
Principle of Operation 
The integration of diffraction spots on a film is accomplished 
through a round aperture of somewhat larger diameter than the largest 
spot to be evaluated. The light passed by this aperture~ placed behind 
the film.? is measured on a typical background area of the film in the 
vicinity of the selected spot. The spot is then moved directly over the 
aperture~ and the amount of light passed by the film in this position is 
measured. The d ifference between the two light intensities represents 
the integrated intensity of the X-ray beam which caused the spot. 
To avoid assumptions as to the linearity of films~ photocells~ and 
instrument potentiometers, a direct calibration is made of exposure 
versus instrument reading . A conventional relative exposure standard 
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is made by selecting a single reflection and exposing a film to it for 
different measured lengths of time. The times of exposure of the images 
obtained are assumed to be proportional to the relative intensities of a 
graduated series of spots all exposed for the same length of time. That 
is, the relationship 
I ~ T = E 
is assumed to be valid, where I is the intensity of the reflection~ T is 
the length of time the film is exposed to it., and E is the equivalent 
exposure number. The exposure times of the standard series are 
thus taken in place of relative intensities and are plotted against the 
integrated photometer readings to yield a calibration curve . This 
curve., in turn~ may then be used to evaluate the intensities of various 
spots made from the same crystal, by means of readings taken with 
the instrument. 
The best feature of the visual method is thus retained: comparison 
is made with spots of accurately known intensity. In this respect, the 
integrating photometer might be regard.ed m .erely as an interpolation 
device more accurate than the eye. There are, however~ other advan-
tages in the use of the instrument. First_, there is the possibility of 
reading split or distorted spots. In the cases tested so far_, the integra-
ting photometer yields a satisfactory estimate of the intensity of a 
variety of such spots, so long as the intensity lies in the lower or more 
linear region of the calibration curve. Second_, an estimate is possible 
for spots of a higher density than the limit of visual methods. This 
makes ratio determination more accurate between similar films exposed 
for different lengths of time, since a larger number of individual spot 
intensity ratios contributes to the final average. Third, the background 
intensity is no longer a virtually unknown factor as it is in the case of 
visual methods. Accurate allowance can be made, for instance, in the 
case of non-characteristic radiation streaks or "taUs 11 from nearby 
spots when they pass through the spot being estimated. 
Description 
Reading Unit The arrangement of components in the instrument is 
shown by figure 8. The light source, photocell, aperture, collimating 
system.,. and measuring circuit are all mounted on an aluminum chassis 
of the standard electronic type measuring 3 11 by 7" by 12". In the center 
of the upper surface of the chassis is a 1" by 1-1/2" rectangular opening 
over which the films to be read are placed. Directly beneath this open-
ing is the light source_, a standard four-watt miniature fluores ce.nt tube. 
Covering the opening on the under side of the chassis is a sliding panel_, 
I 
the position of which is controlled by the knob brought out on the right 
side of the chassis (see figure 9). This panel carries a section of frosted 
plastic sheet and a section of opaque black plastic sheet in which there is 
a small round hole_, the aperture. The frosted plastic, when in place 
under the opening in the chassis_, provides a diffuse bright light against 
which it is easy to locate the particular spot to be evaluated. A turn of 
the knob will then bring the opaque plastic into place, with the aperture 
accurately and reproducibly positioned. 
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The opaque plasUc section is perforated as follows: the section 
of plastic is clamped securely between two flat wooden blocks. A 
drill of the appropriate size is then run through all three layers. 
The resulting hole in the plastic is clean and perfectly round. A 
piece of clear plastic can easUy be frosted by rubbing it with medium 
carborundum compound and water. 
On the front side of the chassis are mounted the two helipot dials 
with the associated controls just behind them. The range extending 
potentiometer, Ry is mounted on the right side of the chassis, near 
the panel control knob (see figure 10). Beneath the chassis, to the 
rear of the light source~ are mounted the power supply for the mea-
suring circuit, the ballast and starter for the light source~ and the 
measuring circuit voltage adjuster, R 5 (see figure 11). A special 
housing is provided for the reference photocell~ PH2,. which makes it 
possible to adjust the amount of light falling on it (see figure 12). The 
housing is mounted in close proximity to the light source, and a 3/8" 
hole in the side of the chassis provides access for screwdriver ad-
justment. Attached to the rear of the chassis is an arm made of 1/2" 
channel aluminum which comes up over the opening in the top surface 
of the chassis. This arm provides a stable mounting for the reading 
photocell, PH 1~ and its associated collimating aperture, details of 
which are shown in figure 13. It also provides a mounting for the plas-
tic shade which cuts down undesirable stray light signals due to room 
illumination. The photocells are cadmium sulfide miniature cells, type 
CL-2A, made by Clairex Corporation, 19 West 26th Street, New York 
City. 
Galvanometer Unit The electronic galvanometer, or null indicator., 
is mounted separately and by compact construction is fitted into the 
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meter case together with the output galvanometer movement itself. The 
location of the components of the push-pull transistor amplifier and asso-
ciated power supply i s indicated in figure 14. An outlet is provided in 
the side of the reading unit to supply line voltage to the galvanometer 
unit. Tb.e signal output of the measuring circuit is brought to the gal .. 
vanometer unit by means of a shielded cable and associated connectors. 
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Fig ur e 10. GENERAL VIEW OF PHOTOMETER 
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Figur e 11. B OTTOM VIEW OF PHOTOMETER 
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Figure 14. GALVANOMETER UNIT CONSTRUCTION 
Electrical Circuit The electrical circuit is shown in figure 15. 
Its operation.t with the exception of the measuring circuit section.t is 
considered standard and therefore self-explanatory. 
The measuring circuit has the appearance of a wheatstone bridge-.t 
and does~ in fact.t operate on the principle of balance when the measure-
ment is taken. Beyond this, there is little resemblance to the classical 
bridge.t since the two elements PH 1 and PH2 are non-ohmic. For the 
purposes of the circuit, one may assume their operation to approximate 
that of two current generators, the outputs of which are controlled by 
incident light. 
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In order to measure the current passed by PH1 and PH2, two resistors, 
smaller than the PH elements by a factor of 100 or more, are inserted 
in series with them. The combination is connected across a common vol-
tage source, and the lower, or measuring arms, are adjusted to equal 
voltage as in a bridge. Thus., the measuring resistor associated with 
PH 1 would be the portion of R 2a between its slider contact and the end near 
RF plus the portion of R 1 between its slider contact and the end near Rza· 
The portion of R 2a between its slider contact and PH 1 is so small in com-
parison with the resistance of PH 1 that it may be ignored completely. 
It may be seen from the circuit that the only effect of combined R 2 is 
to vary the effective position of the slider of R 1; thus, both helipots have 
the same effect. The result is that the setting of one-1 R 1 in this case, 
may be kept at electrical zero by the operation of S 1 while the setting of 
R 2 is adjusted to equalize background intensity. R 1 is then switched in 
and set to compensate for the added density of the spot. The subtraction 
of background is thus accomplished automatically. Successive checks 
of spot and background are possible., by simply changing S 1• 
The 1000 ohm resistor, R 4 , connected across the output of the measur-
ing circuit, lowers the effective impedance of that circuit and holds it con-
stant with respect to the galvanometer. This is especially important in 
the input circuit of a transistor amplifier. The adjustable resistor, R 6.,. 
is then set at a value which approximates the resistance of the combined 
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measuring circuit. Fluctuations in the bias voltage on the input circuit 
of the galvanometer and in the measuring circuit supply voltage then 
have a minimum unbalancing effect. 
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The use of two photocells in a balancing arrangement has the further 
stabilizing effect of compensating for the fluctuation in the light intensity 
due to line voltage variations. It is easily seen that any effect of chang-
ing light intensity is the same in both arms of the circuit. The stability 
of this arrangement is naturally greatest when the current in one arm of ·. 
the bridge is approximately equal to that in the other. 
Adjustment and Operation 
Preliminary adjustment of the galvanometer involves the three 
resistors, R 6, R 7., and R 8• First1 with the pushbutton depressed, the 
balance control~ R 7, in the emitter circuit of the first stage is set to 
give zero output on the galvanometer. Second1 with the reading unit 
connected and turned on-1 the bias control, R 81 is set to give the largest 
possible deflection when the potentiometer R 2 is changed by a constant 
small amount (say ten dial units). This adjustment maximizes the sen-
sitivity of the input amplifier stage with respect to the bias voltage. The 
maximum is rather broad, and should be found in the vicinity of 3. 1 
volts above ground; a typical plot of the sensitivity characteristic is 
shown in figure 16. Third, the impedance balancing resistor, R 6, is 
adjusted so that a minimum deflection is observed when the measuring 
circuit input voltage is varied over a wide range by means of R 5• With 
the unit as designed1 and properly adjusted, a deflection of not more 
than 100 microamperes is ordinarily observed when the input voltage is 
varied from 20 to 200 volts. 
Preliminary adjustment of the reading unit is necessary only to in-
sure coverage of the entire range of film background densities with R 2 
alone. Once the settings of the range extending potentiometer R 3 and of 
the variable aperture of PH 2t_have been found, they should not be changed 
unless a new calibration is set up. Normally~ such changes should be 
needed only when apertures are changed to accommodate much larger or 
smaller spots., and in such cases a new calibration would be routine. 
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The instrument may be operated in ordinary room light without 
difficulty, but there are two advantages to operation in subdued light: 
the possibility of stray light causing unwanted fluctuations is complete-
ly eliminated.1 and it is usually easier for the operator to locate the 
weakest spots over the aperture when the light level in the room is 
low. 
The film to be read is placed between two sheets of thin glass 
{picutre glass., 1/161;1 ) and is moved across the top of the reading unit 
until the desired spot has been located against the light source with the 
sliding panel in the viewing position. The spot is then approximately 
centered and the panel changed to the reading position {aperture in 
place). The film is moved through the reading zone with S 1 set for 
background until a maximum is located. Using this position as a center~ 
typical surrounding background locations are chosen, and a representa-
tive setting of R 2 is found. S 1 is then set for reading the intensity of a 
spot., and the spot is again moved to the center of the reading zone. R 1 
is used to balance the instrument this time, with the film in the position 
of maximum density reading. The background R 2, and the intensity 
setting_,. Rl' may both be rechecked by changing the setting of S 1 back 
and forth as desired. If the difference between successive checks is 
small~ no setting need be recorded until the final value i s read. The 
only reading used is that of R 1~ the background having been subtracted 
automatically by the setting of R 2• 
The readings obtained are converted to the desired intensity values 
by means of a calibration curve, examples of which are given in figures 
17 and 18. These two curves differ only by a scale factor applied to 
both axes; this indicates., thereforel that it should be possible to set up 
calibrations for films without the use of a relative exposure standard 
made from the same crystal. The instrument reading axis may be 
scaled by a factor 
F c A 1 / A 2 . A 1 =average area of spots measured 
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A 2 = the same for relative exposure standard 
and the resulting calibration curve should be valid for the new crystal. 
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The time required for reading a single spot is found to vary wide-
ly with the unevenness of the background density. Spots are often read 
in ten seconds~ but sometimes require minutes in the worst cases. An 
average reading rate might be given as 100 spots per hour when the op-
erator has gained experience and coordination~ and an average set of 
films can usually be read in half a day. This rate is comparable to the 
speed of visual comparison and other film methods. 
Evaluation 
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The integrating photometer has been tested and evaluated with re-
spect to four criteria: 1) linearity with respect to optical density1 2) 
accuracy of measurement, 3) reproducibility of readings and 4) apparent 
validity of a body of data produced by the instrument as indicated by the 
residual, or disagreement index, for a particular structure. 
Since the measuring resistors are connected so that the resistance 
of one is increased while the resistance of the other is decreased.t the 
instrument response is almost exactly linear with optical density. This 
is an important consideration~ since the instrument response is not usu-
ally linear with intensity of measured spots. The calibration.t then, has 
to be the same for all areas on a film.,. in spite of differing background 
densities. The effectiveness of this circuit was tested by comparing 
linearity of instrument reading with respect to optical density; also, it 
was tested by reading a given spot on a film alone~ and with one or more 
sheets of blank film lying under it to increase the background density. 
The results show (see figure 19, table Vll:r and table VIII) that, for an 
average aperture~ and within the practical limits of variation of back-
ground density (i.e.~ below 0. D. ::: . 25), the instrument calibration 
remained quite constant. Smaller apertures cause a somewhat larger 
departure from the linearity shown above, due to the nonlinearity in the 
low portion of the photocell characteristic; such apertures are, however.,. 
seldom needed for most crystallographic work. When apertures small-
er than 1/1611 are required_, the optical density is still sufficiently 
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TA BLE VII. 
OPTICAL DENSITY STANDARD VERSUS PHOTOMETER READINGS 
Interval Optical Average Average Rdg. Deviation %Deviation 
Number Density Reading Interval N6. 
j 0. 085 126 126 0 0 
2 • 170 257 129 3 2.4 
3 . 255 394 131 5 4.0 
4 • 339 y 544 136 10 7. 9 
5 . 424 701 140 14 11. 1 
6 . 509 860 143 17 13. 5 
TABLE VIII •. 
PHOTOMETER READING FOR THE SAME SPOT WITH VARYING 
Reading 
Number 
1 
2 
3 
4 
BACKGROUND DENSITY 
Added Optical Average 
Density Reading 
o.o 54.3 
• 085 55.0 
• 170 55.0 
• 225 57 .• 0 
%Deviation 
o. 0 
1. 3 
1.3 
4.9 
linear with scale reading so that a single calibration may be assumed 
with negligible error for the lighter films in a series,. and the heaviest 
film can still be read using a somewhat more complex calibration pro-
cecure. 
Since there is no method which will give reliable intensity readings 
from ordinary films by which the accuracy of the photometer can be 
judged, some other approach was needed to provide this information. 
The relative exposure standard is probably the most reliable source. nf 
spots of known intensity,. and so was used for the purpose. The instru-
ment is routinely calibrated by means of the same type of exposure 
standard,. and we may therefore take the deviations of the individual 
photometer readings from the best fitted calibration curve as an indica-
tion of the combined errors of development~ film fluctuation, and photo-
meter reading. The accuracy of the instrument is at least as good as 
shown by the estimated error of these values, which was 5. 1%. 
A measure of the reproducibility of readings is given by the differ-
ences between two or more readings on the same film of crystallograph-
ically equivalent reflections taken with equivalent geometry. Such re-
flections are found in pairs,. or often in higher multiplicity on zero 
layer films and are therefore a convenient test of the type required. 
The comparisons which were made were grouped into four sets accord-
ing to intensity,. since greater errors are expected~ relatively speaking~ 
in the lower intensity ranges. Table IX shows the standard deviations of 
the readings from the averages of those which should have been identical. 
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TABLE IX 
STANDARD DEVIATIONS AND PROBABLE ERRORS OF INTENSITIES 
OF CRYSTALLOGRAPHICALLY EQUIVALENT REFLECTIONS FROM 
THEIR RESPECTIVE AVERAGES 
Intensity 
Group 
0 - 20 
20- 50 
50- 150 
150- 00 
o/o Standard 
Deviation 
12. 5 
8. 7 
6. 1 
5. 4 
%Estimated 
Error 
8. 4 
5. 8 
4. 1 
3. 6 
APPENDIX II. 
PROGRAMS FOR CRYSTALLOGRAPHIC CALCULATION 
USING THE IBM 650 COMPUTER 
The e xtensive calculations requisite to any investigation such as this 
make the use of automatic computing equipment an absolute necessity. 
An IBM Type 650 Electronic Computer was chosen for these calculations 
since practically unlimited time was available on a machine of that type 
at the University~s Computation Laboratory. 
Programs were often obtained from other computing centers.,.; but 
when this was not the case~ programs were written here for the required 
calculation. Factors considered when writing such programs included 
applicability to other problems in crystallography-~" compatability with 
other programs used at various stages of the investigation" and efficient 
use of the computer and of programming techniques. 
Following table X.? detailed descriptions are given of each program 
used. A summary of the mathematical method, a description of the 
scheme of operation~ a statement of the known limitations of the program, 
and an estimate of the speed are given in each program writeup. Infor-
mation concerning 650 Computer operation can be found in literature 
available from the IBM Corporation~ ( 68)7 while programming methods 
are described in many texts ( 69, 7 0 1 71 ~ 7 2 ). Instructions for the use of 
specific programs may be obtained from the programmers or institutions 
where they were written. 
( 68) International Business Machines Corp., 650 Data Processing System 
Bulletins, New York: IBM Corp .. , (1958). 
(69) McCormick, E. M. ~ Digital Computer Primer, New York: McGraw-Hill 
Book Co . ~ Inc. 1 (1959). 
( 70) Bartee, T. c .. 1 Digital Computer Fundamentals~ New York: McGraw-Hill 
Book Co."" Inc., (1960). 
( 71) Wrubel, M .• H . . ~ !:: Primer of Programming for Digital Computers, 
New York: McGraw-Hill Book Co.~ Inc. 1 ( 1959). 
( 72} Hastings~ C., Approximations for Digital Computers, Princeton: 
Princeton University Press~ ( 19 55). 
7 8 
TABLE X. 
PROGRAMS FOR CRYSTALLOGRAPHIC CALCULATION 
USING THE IBM 650 COMPUTER 
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Name of Program Type of Program Source* 
Incor-P 
Scale I 
Scale II 
U- I 
U-ll 
Data reduction 
ll II 
II 
" 
Statistical analysis of data 
Generation of special coefficients 
T-M 
M 
M 
M 
M 
Fourier DP 
Fourier DL 
Pittsburgher 
TDF- 2 
Fourier summation - data preparation M. 
" " - data loading M 
704 - 3D 
Contour 
Structure Factor 
SFAC 
Fourier summation 
II 
" 
II It 
Fourier summation - output 
presentation 
Structure factor calculation 
It !l It 
.s 
·s 
M 
Scat Atomic scattering factor calculation M 
Structure refinement S Differential Synthesis 
Temperature Factor - Sums 
Temperature Factor - Solutions 
It 
" 
II II 
Subpak I 
Subpak II 
Transcendental function subroutines 
II 
*S :::: R. Sh.iono.? University of Pittsburgh 
F c Fitzwater and William.s.r Iowa State University 
T = D. H. Templeton~ University of California 
II 
B = S. Block~ National Bureau of Standards 1 Washington 
M :; the author 
II 
s 
s 
M 
M 
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General Descriptions of the Programs 
Incor-P applies all geometric corrections except absorption correction 
to observed intensity values from either Weissenberg or precession data~ 
zero or upper layer,. and calculates the diffraction angle and the correspond-
ing scattering parameters for selected atoms. The geom.etric corrections 
are calculated for the equi-inclination ·Weissenberg method from. expressions 
found in the International Tables (73} and for the precession method from 
expressions derived by Waser ( 74} and Burbank (7 5}. Sin :9- is calculated 
from the general expression for the triclinic case. Scattering amplitudes 
are obtained from tables for each atom by linear interpolation in sin r9/A.. 
Unit cell constants, wavelength~ the value of the lowest intensity~ 
the type of corrections to be made, and scattering curves for up to five 
atoms are stored initially with the program. The data consist of reflection 
indices, layer identifications, and intensities. In the case of precession 
data~ additional information is included specifying the orientation of the 
reciprocal lattice with respect to the camera. Mter reading the indices 
of a reflection,. the computer evaluates sin 9- and calculates the geometric 
correction and the square root of the corrected intensity. As many as five 
atomic scattering amplitudes are found by the interpolation procedure men-
tioned above. The total output for each reflection consists of indices~ in-
tensity and square root of the intensity,. sin29-/A. 2~ atomic scattering am-
plitudes, and layer identification. 
The program will not calculate corrections for reflections outside of 
the reciprocal sphere defined by the wave length of the radiation used or 
within the circular "blind" area at the centers of upper level precession films. 
( 73} Kasper~ J. Sq and Lonsdale, K • .,. op. citq p. 266. 
(74)Waser.f J..; Rev., Sci. Inst. 1 ~, 563(1951). 
(75} Burbank~ R .. D • ., Rev. Sci. Inst • .,. 23, 321 (1952}. 
Only five digits are available for intensities~ and overflows are possible. 
Five atomic scattering amplitudes are the m .ost which may be calculated. 
The approximate time required is two seconds per reflection. 
Scale I derives an optimum scale factor for each layer of X-ray data; 
reflection intensities must have been corrected for geometric factors. 
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The method used is that of Dickerson (51) which minimizes the square of 
the difference between identical scaled reflections found on different layers. 
The system of simultaneous linear equations set up in this m .ethod may be 
solved either as originally suggested by Dickerson or as suggested by 
Rollett and Sparks (52). Provision is made in the program for basing 
2 the scale factors on either F or F • 
0 0 
The number of layers and the type of scaling required are stored 
with the program. The output of Incor-P is sorted ahead of time so that 
all reflections with the same indices~ regardless of the layer on which 
they were found." are grouped together.. As the sorted Incor-P output is 
read by the computer, correlations between layers are derived from each 
group of identical reflections. After the data are read~ a singular matrix 
is constructed of the correlations between the layers. The unknown scale 
factors may be found from this matrix by either of two methods. In the 
first method, the matrix is first inverted and then analyzed to find the 
smallest eigenvector~ the elem.ents of which are the scale factors. In 
the second method1 one of the scale factors is arbitrarily set equal to 
one and the remaining scale factors are found by methods normally ap-
plied to the solution of sets of linear equations. The required matrix oper-
ations are performed in floating point arithmetic by standard routines 
which are generally available in program libraries. 
Up to 2.5 layers of data may be easily handled1 and 26-30 layers with 
some difficulty. Over 30 layers may not be scaled simultaneously" due 
to the lack of computer memory capacity. There is no specific limit to 
the number of reflections which may be processed, but the sums may 
not exceed 108.. The approximate time required is (N + . 3 L 3 + 60) 
seconds where N =number of reflections and L c number of layers. 
Scale II applies a set of scale factors such as those provided by 
Scale I to the corrected X-ray data and averages the scaled intensities 
which are equivalent but which occur on different layers. The program 
determines the arithmetic mean and standard deviation of the mean for 
each such group of equivalent reflections. In groups having four or more 
reflections., the intensities which deviate by more than twice the standard 
deviation are then rejected~ and the mean is taken of the remaining re-
flections. Unobserved reflections are not averaged, unless there are 
no equivalent observed reflections. The scale factors may be applied 
either to the intensities or to their square roots. 
The number of layers, the type of scaling required-t and the scale 
factors to be used for each layer are stored initially with the program. 
As the data are read by the computer~ groups of identical reflections 
are separated and processed as described above. The output for each 
reflection is one card containing an average intensity plus one or more 
cards showing the individual scaled intensities., their deviations~ and 
the standard deviation for the group mean .. 
No more than thirty layers of data may be scaled simultaneously. 
Overflows may occur., since the intensity field is only five digits in 
length. The approximate time required is one second for each input 
data card. 
U- I computes the quantities required as the abscissae and ordinates 
of a Wilson statistical plot (29) for the determination of temperature and 
absolute scale factors. Points on this plot represent the diffraction data 
averaged over spherically symmetric zones centered at the origin in 
reciprocal space. The program automatically chooses these zones with 
equal numbers of reflections and~ for each one., calculates the logarithm. 
of the average ratio of observed to calculated intensities and calculates 
the average value of sin 2 e/X. 2• 
The number of reflections per group, the number of atom.s of each 
kin~ the total number of atoms, and the relative multiplicities of each 
type of reflection are initially stored with the program. The output of 
Incor-P provides the data,. but for the com.plete coverage of reciprocal 
space necessary to this calculation, most problems require the inclusion 
of extra data cards to represent extinctions., and to make up for multipli-
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cities not specified by the index testing. As data are read, the observed 
intensity, the sum of the atomic scattering amplitudes,_ and the diffrac-
tion angle parameter, sin2ejA. 2, are each added to a cumulative sum. 
The cumulative sums are augmented repeatedly to correspond to the re-
flection multiplicity, after which another reflection card is read. When 
the number of additions to the cumulative sums exceeds the specified 
group size,. the cumulative sums are divided by the group size to give 
average or expectation values of the data being summed. The program 
computes the logarithm of the ratio of the observed to calculated inten-
sities, clears the cumulative sums and proceeds to the next group. The 
output consists of the logarithm just mentioned, the average diffraction 
angle parameter~ the group size, and the group number. 
The program does not take into account special multiplicities or per-
mutation of indices in high symmetry space groups. Since the program 
calculates in fixed point arithmetic, the sums must be watched for over -. 
flows.. Five types of atom are the most which may be used in calcula-
ting the expected scattering from the reflection zones. The approximate 
time required is three seconds for each input data ca;rd. 
U- II calculates sharpened Patterson coefficients, temperature-
sharpened squares of observed structure amplitudes,. unitary structure 
factors,. and excess-fifty reflection indices. The sharpening function 
for the Patterson coefficients as given by Lipscomb (53) provides for 
the removal of the origin peak: 
sC =(k2F 2 /~£. 2} - T 
p 0 J 
The attenuation .factor which minimizes series termination effects is 
taken as exactly equal to the temperature factor. Unitary structure fac-
tors are calculated by means of the expressions given by Bouman (54). 
Excess-fifty indices are reflection indices to which fifty has been added 
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to eliminate the occurrence of negative numbers, within certain limits. 
These indices may be used in table lookup operations in the computer to 
facilitate finding structure factor triples for sign determination procedures. 
The number of reflections per group, the number of atoms of each 
kind, the total number of atoms, the number of electrons in the unit 
cell, and the overall temperature factor are initially stored with the 
program. The output of Incor-P provides the data. As each reflection 
is read..t a summation is made of the atomic scattering amplitudes for 
that reflection~ and the expressions for the various coefficients are 
calculated. The output consists of the indices of reflection, structure 
amplitude, squared structure amplitude, and diffraction angle para-
meterl sinla /X. 2~ plus the coefficients calculated by the program. 
The excess-fifty indices are combined with the unitary structure fac-
tors in a single computer word. 
Overflows are particularly likely in the temperature-sharpened 
squared structure amplitude~ due to the small number of digits avail-
able for the output. Only five atomic scattering amplitudes may be 
used at a time.. The approximate time required for the calculation is 
two seconds par reflection. 
Fourier DP expands a set of crystallographically unique structure 
factors to the complete set necessary for fourier summations, and 
prepares the output data for one of two fourier summation programs. 
Multiplicity factors are applied to the structure factors, when needed, 
and permutation of indices is carried out for hexagonal or trigonal 
data. Each reflection is analyzed for multiplicity class_, even or odd 
index parity, and index sign combination. Based on these three proper-
ties a choice is made of reflection multiplicities, trigonometric codes, 
and algebraic signs of the coefficients. In the case of higher symmetry 
space groups, the analysis must be repeated for the same reflection 
after permutation of indices. The permutations for hexagonal and tri-
gonal space groups are carried out by rotation of hki indices, while 
permutations for cubic and tetragonal space groups are accomplished 
by simple interchange of appropriate indices. 
Relative multiplicities of the reflection classes,. tables of trigono-
metric codes, permutation instructions,. and output instructions are 
initially stored with the program.. The indices of reflection are analyzed 
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by means of subroutines as the data are read. The appropriate changes 
are made by branching and program modification. A special subroutine~ 
in the case of output for the TDF - Z fourier summation program~ chooses 
the trigonometric code and algebraic sign of the coefficient and combines 
these on a number of output cards for each reflection. Output to be used 
in the 704 - 3D fourier summation program requires the coefficients at 
specified locations in a single card. After the output is completeT a sub-
routine carries out the permutation of indices and the calculation is re-
peated. After the indices have been permuted the correct number of 
times~ another reflection is read from the data. 
No special multiplicities are applied for diagonal reflections. Cer-
tain high symmetry space groups require a small extra program to 
carry out index permutation. The program proceeds at punching speed 
for TDF - Z type output and requires about two seconds per reflection 
for 704 3D type of output. 
Fourier DL locates coefficients in the computer memory for a two-
dimensional fourier summation by means of the Pittsburgher Fourier 
program.. The drum location of a coefficient corresponding to any pair 
of indices~ H 1 Hz~ is found by means of the expression 
Location CJ 0900 = Hz • (H 1max + 1) + H 1 
Multiplicities of 1/Z are automatically given to reflections of the type 
H 1 0 or OHz• 
First and second summation index selection, H 1 max1 data word 
selection1 scale factor~ and number of right shifts for data are stored 
initially with the program. After the drum is cleared from 0900 to 1999,. 
the routine reads the first data card having indices in word one in the 
Incor-P format. After each location is calculated from the absolute 
values of H 1 and Hz~ the corresponding coefficient is added to the contents 
of that location.. In this way1 coefficients having the same indices may be 
combined in the machine. When all data cards have been read1 a punch 
routine puts out a mem.ory dump of the coefficients for checking purposes. 
Following thiso~ the Pittsburgher Fourier Summation program is read in 
and calculation of the fourier is started. 
Indices must not exceed 99 in absolute value. (H1 max+ 2) . H 2 max 
must be less than 1100. The program proceeds at full reading speed 
while loading coefficients~ and at full punching speed while dumping the 
memory. 
The Pittsburgher two-dimensional fourier .summation program 
calculates trigonometric series corresponding to the crystallographic 
expressions for electron density7 difference electron densityJ Patterson 
function1 and others. For calculation1 the complete expression for such 
a function is reduced to partial sums of the type 
00 00 
f{X X ) ~ ~ C (h • h )" c? s 2nh X • cos 2 h X 
P 2 ::: h=O k=O 1· 2 s~n 1 1 sin 1T 2 2 
To obtain the total expression, the partial sums are combined: 
Maximum values of hp h 21 XF and x 2, increments of x 1 and X2~ and 
choice of the type of summation are stored initially with the program. 
Coefficients may be loaded ahead of the routine by means of the Fourier 
DL program~ or immediately after the routine if data cards are to be hand 
punched. The program calculates a partial sum at consecutive points in 
the x 1~ x 2 grid and the coefficients are m .ultiplied by the appropriate 
functions and summed at each grid point. Output is punched for every 
seven sets of (Xp X 2) coordinates. When all of the partial sums have 
been calculated, they are combined by an auxiliary subroutine. 
max max max Indices must not exceed 99; ( h1 • h 2 ) + h 2 must be less 
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than 1100. The speed of calculation of partial sums depends on the number 
of (hp h 2) and (Xp.X 2) combinations to be summed. The subroutine whicb:. 
combines pa:rtial sums proceeds at nearly full punching speed. 
The T D F- 2 fourier summation program calculates trigonometric 
seri.es corresponding to the crystallographic expressions for electron den-
sity, difference electron density, Patterson function, and others. For cal-
culatio~ the complete expression for such a function is reduced to partial 
sum.s of the type 
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00 00 00 
f(X~ Y, Z) = ~ ~ Z C(hkl) T l ZrrhX • T 2 ZrrkY • T 3 2rrlZ h=O k=O 1=0 
where T F T z~ and T 3 are sine or cosine functions further subdivided into 
even/odd index groups ggg., uuu.~ guu~ etc. By keeping separate each of the 
64 possible types of trigonometric series~ the calculation is completed at 
X = Y = Z = 1/4~ since the remaining 3/4 of the cell may be found from the 
first 1/4 by expanding it for each !rigonometric type~ according to the 
appropriate rules. The final summation and expansion of the trigonometric 
series is carried out on an IBM 407 accounting machine. 
The program deck is read into the memory~ after which a transfer card 
specifies either 40 or 80 divisions of X per unit cell for the first summation. 
Sorted data cards containing indices.,. coefficients and trigonometric identifi-
cation codes are then read by the program., and the first, or li~e summation 
is punched out on cards which also contain the remaining two summation in-
dices and all trigonometric codes. These cards" preceded by a second 
transfer card which specifies either 40 or 80 divisions of Y per unit cell~ 
are reread for the second or plane summation, from which the output is 
used in a similar way for the third and last summation. The output of the 
last summation is first sorted and then.,. by means of a special wiring board 
on the IBM 407_, tabulated for any chosen 1/64 section of the unit cell. In 
the tabulation" the trigonometric codes.,. which have been preserved on the 
cards through the entire calculation" are used to control the combination 
of the trigonometric series in the correct way for a particular quadrant. 
The required quadrant is chosen by means of switches which alter the 
connections on the 407 wiring board. 
Indices must not exceed 99 in absolute value; unit cell divisions may 
only be 1/40 or 1/80; output is printed, making it necessary to hand punch 
or calculate further on the 650 before the data may be used in any subsequent 
calculationlt such as contouring. The approximate time required for a com .... 
plete summation is given by a detailed analysis of the number of coefficients 
and types of trigonometric series, and may range from fifteen minutes.;~~ in 
the smallest summations, to over ten hours in the longest. Tabulation 
on the 407 requires 40 minutes per quadrant when a maximum of 64 trigono-
metric types are being summed. 
l 
The 704 - 3D fourier summation program calculates trigonometric 
series corresponding to the crystallographic expressions for electron 
density~ difference electron density,_ Patterson function, and others. 
For calculation, the unmodified expression for the triclinic case is 
used~ in order to avoid space group complications. For electron 
density this is: 
00 00 00 
p(XYZ) = 2/V 
c 
~ ~ ~ 
h=O k=O 1;::;0 
A{hkl)cos2rr( hX+kY+lZ) + A(likl)cos2rr(-hX+kY+lZ) + 
A(hkl}cos2rr( hX-kY +lZ} + A(hki}cos2rr( hX+kY -lZ) + 
B(hkl)sin2rr( hX+kY+lZ) + B{likl)sin2rr(-fiX+kY+lZ) + 
B(hkl)sin 2rr( hX-kY+lZ) + B(hkl)sin 2rr( hX+kY-lZ) ) 
The program deck is read into the computer, followed by a control 
card, which specifies the maximum values of the h~ k~ and 1 indices, 
the size of the grid in each summation direction,. the order of summation 
of the indices 1 and the type of input and output channel required (tape, 
cards_.. etc.~= Following this~ data in a specified order are read from 
cards or tape, and layers of the final fourier are written on the output 
tape. The data,. which are originally punched into cards~ may be pre-
pared from a structure factor or other calculation by the Fourier DP 
program. The output tape may be printed" off~line,. in a layer by 
layer arrangement which may be directly contoured. 
Unit cell divisions may be only 1/30 or 1/60. The approximate tim.e 
required for a complete summation may range from ten minutes to an 
hour., depending on the number of coefficients and the number of unit cell 
divisions calculated in each direction. 
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Contour scales and converts the output of the Pittsburgher two-dimension-
al fourier summation program to a convenient form which may be printed 
out for direct contouring. Since negative values are omitted., negative 
areas of interest must be contoured by adding a constant increment to all 
grid points~ or by reversing the signs of all of the data, using a scale 
factor of - L O. 
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The scale factor to be used and the increment to be added to the whole 
fourier map are stored initially with the program. Sorted output of the 
Pittsburgher fourier summation program is read until a line through 
the fourier map is complete1 and after scaling~ is punched out on a single 
card. The IBM 407 requires .a special wiring board to list the output. 
Positive and negative contours may not be shown on the same map; 
the maximum range of output is 100: 1; 40 grid points are the most which 
can be printed on a single line. The approximate time required for the 
calculation is from two to five seconds per grid line~ depending on the 
number of points in each line. 
The Structure Factor program calculates structure factors for use in 
structure refinement by means of differential synthesis. General trigono-
metric expressions Tf"- and TjB applicable to the different crystal classes J. 
are individually programmed in separate decks" while minor modifica-
tions for the space groups within each class are made by changing the 
index tests or by changing the expressions calculated as a result of the 
tests. The overall expressions for the calculation are 
A(hkl) =~f. 
j J 
B(hkl) = ~ fj 
J 
exp -1/4(~ 
p 
exp -1/4(~ 
p 
* * ~ .B h h a a )j q pq p q p q 
~ B h h a* a*). 
q pq p q p q J 
where l A and TjB are the trigonometric expressions referred to above, 
and :f j is the atomic scattering amplitude. The values of f.j are found by 
linear interpolation on sin 9 from a table of 48 values for each atom. 
The atomic scattering amplitude tables~ atomic coordinates, temper-
ature factors~ scale factor~ cell constants, and wavelength are stored 
initially with the program. A transfer card then starts the calculation 
and the data cards for the reflections are read. For each data card, a 
structure factor card is punched containing the observed and calculated 
structure factors in a suitable form for re-reading as input on a subse-
quent calculation. A final transfer card follows the data and causes 
sums ofF and kF to be punched out. together with R~ c 0 • ~ 
Since only triclinic~ monoclinic~" and orthorhombic space groups 
have been programmed,_ all space group modifications must be based 
90 
on these classes. The data card format differs on changing from centro-
symmetric to noncentrosymmetric calculations. Anisotropic thermal 
parameters can only be calculated in triclinic space groups. The time 
required for calculation varies widely with the number of atoms and the 
type of temperature factors used 1 but seldom is less than two or m.ore 
than thirty seconds per reflection. 
SFAC calculates structure factors for general use. The trigona-
metric expressions are programmed separately for each space group. 
The overall expressions for the calculation are: 
F(hkl) = JA 2(hkl) + B 2 (hkl) 
A(.hkl) TA exp -l/4(:L: 2: . * *) ::: 2: fj B h : haa. 
j j p q pq p ~q p q-J 
B(hkl) TB exp -l/4(:L: * * =~ f. 2: B h h a •, a ). 
j J· j p q pq p q p q J 
where Tt ci'n~(l Tr are the trigonometric expressions whfch:;_may:-.be f.oun,d 
in the International Tables (2.6), and fj is the atomic scattering amplitude. 
The atomic coordinates,_ atomic thermal param.eters~ atomic scatter-
ing amplitude selection codes.,. relative atomic multiplicities~ scale factor~ 
wavelength., and computation control codes are loaded initially with the 
program and the trigonom.etric subroutine. As data cards are read~ the 
indices are unpacked and the atomic scattering amplitudes are stored in 
assigned locations. After the trigonometric expressions are calculated 
for each atom and multiplied by the scattering amplitudes~ the product 
is summed, and the temperature factor is applied to F c" The output of 
the program consists of kF ~ F ~ A 1 B • kF - F 1 F /kF ,. and the o c · o o o c c o 
index word from the input. After the last data card~ a transfer card be-
gins a punchout of R and of all the atomic parameters used in the calcula-
tion. 
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No more than five types of atom may be calculated; twenty independent 
atoms may be calculated in all; every space group requires its individual 
trigonometric subroutines. The time required for calculation varies 
widely with the number of atoms and the type of temperature factor usedJ-
but seldom is less than two seconds or more than a minute per reflection. 
Scat calculates atomic scattering amplitudes~ or scattering factors~ 
at evenly-spaced intervals of the argument, whi ch may be sin 9/X. or sin2ejx.: 
The analytical approximations of Freeman and Smith {28) and of Forsyth 
and Wells {50) are used to evaluate the function. These approximations 
are: 
2 . 3 4 5 6 f{F+S) ::::; a
0 
+ a 1x + a 2x + a3x + a 4x + a 5x + a 6x 
(x::; sin 6/X.) 2 2 f(F+W);:: A exp (-ax ) + B exp (-bx ) + C 
The atomic number and the coefficients of the polynomial or exponential 
approximation to the required scattering curve are stored initially with the 
program. A transfer card begins the calculation. Output cards are punched 
in a format suitable for direct use with the Incor-P program, but special 
subroutines can be used to convert the output for use with the structure 
factor and differential synthesis programs. 
The approximations lose accuracy at high values of the argument; 
some scattering curves of interest may not be approximated by an analyti-
cal expression o£ this type. The approximate time required is five seconds 
for each seven points on the curve .. 
Differential Synthesis caiculates electron density and first and second 
derivatives of electron density., finds the ratios of these based both on ob-
served and calculated data at a given point in the unit cell., and calculates 
atomic coordinate shifts. The summation approximations to the deriva-
tives are space group dependent~ but the solution for the shifts is not; 
both are described by Shiono ( 7 6). 
(7 6) Shiono..? R. ~ op. cit.~- p. l. 
The atomic coordinates and cell constants are loaded initially with 
the program. A transfer card clears the sums and begins the reading 
of data cards. The output of any Structure Factor calculation may be 
used as input~ but the cards must be sorted in a special order~ depend-
ing on the space group. · As the last reflection card is read~ the cumu-
lative sums are analyzed1 and the required electron densities, deriva-
tives., and ratios are punched oat, together with the calculated atomic 
coordinate shifts. 
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The input cards must be in a particular order~ and "dummyll cards J;nust 
be substituted where data ·.cire lacking~ to preserve this sequence; errors in 
card order may waste considerable time by causing the program and sum.s 
to- be erased. No s.caling factors or temperature factors are calculated 
by the program when refining isotropically. The approximate time re-
quired by the program is two to three seconds per reflection. 
The Temperature Factor Sums program calculates the derivatives of 
electron density with respect to the temperature and scale param.eters 
of each atom. The summation approximations to the derivatives are 
described by Shiono (76). 
The atomic scattering amplitude tables for each atomt the anisotropic 
temperature factors_, the number of atomst the number of each kind of 
atom:J cell constants~ and wavelength are stored initially with the program. 
The output of any Structure Factor calculation may be used as input. As 
each reflection is read1 cumulative sum.s are built up for each of the 27 
derivatives being calculated for each atom. At the end of the calculation~ 
the sums are punched out in a :(orm suitable for reading into the computer 
for the subsequent calculation. 
Up to fifty atoms of eight different kinds may be calculated simultan-
eously. The approximate time required depends on the class of reflec-
tion being considered and averages one minute per reflection card. 
The Temperature Factor Solutions program calculates the shifts in the 
six anisotropic thermal parameters and one scale factor per atom which 
are required to make the three first and six secon?- derivatives of the elec-
tron density equal for the observed and calculated data. The shifts are 
obtained as the solution of a seven-unknown system of simultaneous 
linear equations~ by standard matrix methods. The derivatives which 
comprise the coefficients of the matrix are found by the Tem.perature 
Factor Sums program, and the "·right side!' or constant vector con-
tains derivatives which are found by the Differential Synthesis program. 
Cell constants are stored initially with the program. Four cards 
containing the matrix elements and two cards containing the constant 
vector components are read as data. The matrix is inverted, the in-
verse is multiplied by the constant vector .. and the com.ponents of the 
resulting solution vector become the required shifts. The matrix in-
version routine and the vector-matrix multiplication routine are written 
in floating point arithmetic, but floating and fixing subroutines make it 
unnecessary to deal with the data directly in floating point form. 
The approximate time required for the calculation is thirty seconds 
per atom. 
Subpak I calculates the values of the functions sin(X), cos(X), exp(X). 
and '\(X. The first three of these functions are calculated from infinite 
series expressions which are well known. Termination of these series 
takes place when the last term added becomes negligible. ~X is calcu-
lated by successive approximations, A , to the desired value, A* 
n 
( A * 2 = X ), using the recursion formula A + 1 =A /2 + X/2A • and n n n 
beginning with A 1 = X/2. 
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Subpak II calculates the values of the functions sin(X), cos(X), exp(X) 
log 10(X) 1 and '\(X. The first four of these functions are calculated from 
truncated series expressions which are given by Hastings {72). The accur .. 
acy of these expressions is stated to be better than one part in ten thousand1 
and the speed of calculation is much faster than for the terminated infinite 
series method. ~X is calculated by successive approximations, A .. to 
n 
the desired value, A* ( A * 2 = X ), using the recursion formula An+ 1 = 
An/2 + X/2An, and beginning with A 1 = X/2. 
Both Subpak I and Subpak II operate on the same set of calling 
sequences~ and occupy the same locations in the memory. All functions 
are calculated in 10. 6 fixed decimal form. 
Arguments of exp(X} greater than 10 and of log 10(X) and ~X less 
than 0 cannot be evaluated. The time r .equired for the evaluation of 
the.se functions depends on the argument. 
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APPENDIX III 
PROPERTIES AND EXPRESSIONS* FOR SPACE GROUPS 
R3m AND P2 1/c 
R3m (trigonal unit cell) 
Equivalent positions as follows + (1/3, 2/3., 2/3) and+ {2/3., 1/3, 1/3). 
Multiplicity 
18 
9 
3 
x, y~ 
- -y, x~ 
X;p x, 
0., 0~ 
Zj 
z• 
' 
Zj 
z. 
Coordinates Extinctions 
- hkil: -h+ k+ lf3n y,. x-y, z· y-x, x, z• 
' 
1 
x, x-y~ z; y-x, y, z. hh2h1: (lf3n) 
hhOl: (h+ l;.f3n) 
x, 2x, z· 
' 
2x, x, z. none additional 
none additional 
Structure Factor Expressions (£or allowed reflections only). 
A=6( cosrr( (h-k)(x-y)+ 2lz) cosni(x+ y) + cosrr{ {k-i){x-y)+ 2lz)cosrrh(x+ y) 
+ cosrr( (i-Il)(x-y)+ 2lz)cosrrk(x+ y) . ). 
B=6(sin rr( (h-k)(x-y)+ 2lz)cosrri (x+ y) + sin rr( (k-i){x-y)+ 2lz)cosrrh(x+ y) 
+ sin n( (i-h)(x-.y)+ 2lz)cosrrk(x+ y) ). 
IF(hkl>l =~ ~A 2(bkl) + B 2(bkl) =IF<hkiH 
a (hkl) = Arctan B/ A= -a (bkl) 
A(hkl) = fF(hkl) I cos a (hkl) ; B(hkl)= I F(hkl>f sina {hkl) 
Electron Density Expressions. 
P (XYZ) = 2 I vc h~o Jo l~o 
( A(hkl)cos2rr( hX+kY+lZ) + A(hkl)cos2rr,(-hX+kY+lZ) 
+ A(bkl)cos2rr( hX-kY+lZ) + A(hki}cos2n( hX+kY-lZ) 
+ B(hkl)sin 2rr( hX+kY+lZ) + B{iikl)sin 2rr.(-hX+kY+lZ) 
+ B(hkl)sin 2rr( hX-kY+lZ) + B(hkl)sin 2rr( hX+kY-lZ) ). 
p (XZ) = ?Dj Vc Jo 1~0 
( (A(hOl)+A(hOl))cos2nhX. cos2rr1Z. + .(A(hol)-A(h0l))sin2rrhX. sin2TT1Z 
+ (B(hOl)+ B{hOl))cos2rrhX. sin2rr1Z + (B{h0l~B(h0l))sin2rrhX.cos2rrlZ ). 
* Taken, in part., from the International Tables (26). 
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Equivalent positions as follows: 
Multiplicity Coordinates 
4 
1 
1 
1 
1 
x, y, z; 
x, y, z; 
x. 1/2+ y, . 1/2-z,. 
x, 1/2-y, 1/2+z. 
1/2, o, 1/2; 1/2,: 1/211 o. 
o, o, 1/2; 011 1/2, o. 
1/2, 011 0; 1/2, 1/2, 1/2. 
0~ o .. 0; o, 1/2, 1/2. 
Extinctions 
hOI: 1=2n+ 1 
OkO: k=:2n+ 1 
none additional 
none additional 
none additional 
none additional 
Structure Factor Expressions (for allowed reflections only). 
A= 4cos21T( {hx+lz+ _(k+l)/4) cos21T_( , (ky--.(k+l)/4) ). 
B = 0 
F{bkl} = A(hkl) = F(likl') 
F(bkl) = F(hkl) f. F{hkl) when k+ l=-2n 
F{bkl) = F{hki) when k+ 1=2n 
F(hkl) = -F(hkl) f. F(bkl} when k+ 1=2n+ 1 
F{hkl) = -F(hkl) when k+ 1=2n+ 1 
Electron Density Expressions 
p (XYZ) = 4 /V c h~O k~O 1~0 
k+1=2n 
( ( (A(hkl)+A(hkl) )co.s21ThX. cos21TlZ 
- {A(hkl)+ A{hkl) )sin 2ilh X. sin 2.1rlZ ) cos21TkY ~. 
k+l=2n+ 1 
- { (A{bkl)+A(hklJ ).sin 21rhX. cos21TlZ 
+ {A(hkl)-A(hkl} )cos2:rrhX. sin 21TlZ ) sin 21TkY ). 
k=2n 
p(XY) = 8c/V J 0 J 0 (A(hkO)cos21ThX. cos21rkY k=2n1- I 
+ A(bkO)sin21ThX. sin21TkY).r 
1=2n 
p .{XZ) = 4b/V c h~O l~O ( (A(hOl)+A{hOl) ) cos21ThX. cos21TlZ 
...;. (A(hOl)-A(hdl) ) sin21ThX. sin21TlZ ) • 
96 
p (-=YZ) = 8a/V c k~O 1:0 
k+1=2n k+1=2n+ 1 
( A(Ok1) cos2rr1Z. cos2rrkY- A(Okl) sin2rr1Z. sin2rrkY );: 
Patterson Expressions 
P(UVW) = 4 h~O Jo 1~0 
2 2-( (F (hk1) cos2rr{hU+1W) + F (hk1) cos2rr{hU-1W) ) cos2rrkV ). 
P(VW) c: 4 k~O 1~0 ( F 2(0k1) cos 2TI1W • cos2rrkV). 
P(U 1/2 W) = 4 h~O 1~0 
( CH(h01) cos2rr(hU+ 1W) + CH(li01) cos2rr(hU-1W) ) • 
CH(h01) = k~O (-1)k F 2(hkl) 
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TABULATION OF OBSERVED AND FINAL CALCULATED 
STRUCTURE FACTORS 
98 
rl 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ () 
+ 0 
+ u 
+ 0 
+ 0 
+ 0 
+ 0 
+ 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 
+ 0 
+ 0 
+ l 
+ l 
+ l 
+ 1 
+ l 
+ 2 
+ 2 
+ 2 
+ 2 
+ .~ 
+ 2 
+ 2 
TAB LE XI 
ORSER VE ! AND CALCULATED ~TRU CTURE FAC1.0RS 
FOR 
PH3 i::\ H3 
L K. F 0 
+ 0 + ·3 72 . 378 
+ 0 + 6 35 . 852 
+ 1 + 1 88 . 705 
+ l 2 8? . 308 
+ 1 + 4 4 0 . 60 
1 + 5 3 7 . 6 20 
T + 7 1 8 . 936 
1 + 8 9 . UU..J 
2 + 1 72 . 3 78 
+ 2 + 2 64 . 551 
+ 2 4 4 u . :-? 13 
+ 2 + 5 ..... .? . -+12 
2 + 7 1 5 . 23 3 
3 + 0 71 . 88 
+ 3 + 3 52 . 43 2 
+ 3 3 ?2 . 346 
+ 3 6 2 6 . 595 
+ 3 + 6 26 . 426 
+ 4 + 1 41 . 2.::>8 
4 + 2 37 .1 99 
+ 4 + 4 2 '-J a --! .l 
+ 4 4 3 1 . 1 3Y 
l . + 5 21 . (140 
5 + 1 30 .1 29 
5 2 30 . 6 34 
5 + 4 20 . ' 72 
+ 5 + 5 1S. . 020 
+ 6 + 0 2 -r. o 1 :J 
6 + 3 21 . 292 
6 3 1 a .1 79 
+ 6 + 6 6 • ?64 
7 1 ll a l U9 
7 + 2 ll e lU9 
+ 1 + 0 ll 3 a 7 84 
+ 1 j -( ti • 52 l 
+ 1 + 3 65 . 308 
+ 1 + 6 34 . 253 
+ 2 5 30 . 298 
+ l 1 56 . 556 
+ l + 2 53 . 69 4 
+ 1 4 4 1 . 743 
+ 2 + 0 62 . 2 7 8 
+ 2 + 0 62 . 278 
+ 2 3 ' 46 . 288 
+ 2 + j 46 . 4 56 
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F c 
82 . 7 98 + 
35 . ~ 70+ 
9 1 . 202 + 
8lf· · 189+ 
L,.5 . 6 2'::J + 
37 . 67 5 + 
16 . j01+ 
1:) . ~3 1 + 
72 . 1L6• 
61 . o64+ 
42 . 0-1 ;)-r-
:3.:> . 05.5 
16 . -+2':-1+ 
il . •J 5 :?+ 
5:J . o Ou + 
:J~) e OJ\JT" 
i..:J . lc.i+ 
2? . 1 2"1 + 
4-l · ·t':6 + 
3/ . <+ 3 -++ 
~ -t . ::J .t ?+ 
c. • :.;+ 
c.1 e \.l96+ 
2':1 . &5u+ 
2.7 . 24::H 
19 . ;._77 + 
14 . '-i2."/ + 
24 . 0Sb + 
lb . o(J:i + 
1o . o0j+ 
9 a 05b+ 
J. l e b41+ 
1Ue bl7+ 
1 ~6 a 36L~+ 
72 . 1 37 + 
72 . 137+ 
31 . 8U7+ 
3U • U 1J9+ 
6 Ue 6l9+ 
52 . 12 2 + 
38 . 657+ 
64 . 1 2 4+ 
64 . 124+ 
49 . 395 + 
49 . 34 1+ 
luv 
H K L K. F 0 F c 
+ 2 + 2 6 23 . 0 6tJ 22 . 261 + 
+ ;2 + 2 + 6 2 4 . 154 22 . 227 + 
+ L + 3 2 35 . 76 8 31~ . 911 + 
+ 2 + 3 + 4 24 . 238 24 . U92 + 
+ 2 + 5 + 0 24 . 996 2 1 . tHJU+ 
+ 2 + 5 3 2u e 367 16 e 49l! + 
+ 3 1 1 6LJ . l74 6 lJ e 61Y+ 
+ '3 + l 5 ;:_ • l 4 L+ 23 . 7U5+ 
+ 3 + 3 + 0 36 e 61 U 36 . tj2 3+ 
+ 3 + 3 + :-:~ 26 . 258 26 . 86 6 + 
+ 4 + 1 + 0 42 . 50 1 44 . 205 + 
+ 4 1 + 1 47 . 2 14 46 . b1R+ 
+ 4 1 2 4 0 . 3 1 3 41 . 82(! + 
+ Lr + 1 + '3 3 4 . 84 2 ':14 . 3 84 + 
+ 4 + 1 3 3 1 . 64 4 34 . 384+ • + 4 + 1 6 14 . 223 1 ~ . 691+ 
+ 4 + 2 2 30 . 12 9 2~ . u5 7+ 
+ 4 + 2 + 4 16 . 1 59 16 . 93U+ • + 4 + 4 + u 19 . 18 8 15 . 139+ 
+ 4 + 4 3 1 3 . 46 6 ll . 53 'J+ 
+ 4 + 4 + 10 . 9 41 Jl . :.J ')U + • + ::; 1 3 3 5 • Lr ':\1 34 . 384+ 
+ 5 2 1 3~ . 2 6 1 3 7 . U92 + 
+ 6 1 1 23 . ~-396 23 . 8 .29 + 
+ 6 l + 2 20 . 619 21 . u r.-+ 
+ 6 + 1 2 1 6 e Lr9? 13 . 61?5+ 
+ 6 1 4 15 . 4 u 1 1 5 . 21U + 
+ 6 + l + Lr 12 . 37 2 '-1 . 7l U+ 
+ 6 2 + 1 2 5 . 332 26 . (,) 2 
+ 6 2 2 2Lr e 4 0 6 2:> . u5 7+ • + 6 + 3 3 9 . 847 6 . 63 u + 
+ 7 + 1 + 0 11 . 61 4 1 J . lt'J 4+ 
+ 7 1 c:; 7 e 49 0 7 . d49+ • -' + 7 2 3 1! . 16 9 16 . 49 U+ 
+ 7 3 1 15 . 906 18 • 9L• :::>+ 
+ 8 1 3 1 0 . 3 5 2 8 . L41J + • + 8 2 1 11 . 78 2 1u . 548+ 
+ 8 2 L~ '5 . 55'5 7 • URt) + 
+ 8 3 2 8 . 921 1LJ . 9 0 8+ • 
• 
• 
• 
• 
H 
+ 
+ 0 
+ 0 
+ 0 
+ (j 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ () 
+ 0 
+ J 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ !) 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ 0 
+ l) 
+ 0 
+ 0 
TABL E li I 
OBSER VED AND CALC UL,/1.1 ED ::,H lJCTUkt F.l\C. TORS 
f- OR 
!CH 3 l Z so . 13F 3 
K L Ke 0 
0 2 52 . 677 
0 4 4 u . 991 
0 6 36 . 8 46 
0 16 . 488 
0 10 1 8 . 262 
1 ?. 1 9 . 3 6 7 
0 14 7 . 9 35 
1 4 e 39 2 
1 ? 56 . 741 
1 3 11 . 373 
1 4 14 . 45 3 
1 5 1 8 . 52 8 
1 6 11 e 81 U 
1 7 9 · 924 
1 8 20 . u 7~ 
1 9 9 . 667 
1 10 8 · 1 2 :J 
1 ll 1 3 . 8L~2 
1 1 2 11 . 'JO'J 
1 1 3 5 . 6 Lfl 
1 14 5 . 2 69 
2 0 5 . 78 8 
2 1 54 . 925 
2 2 44 . 9 5tl 
2 3 5 3 . 2 lJ3 
2 4 7 e 5 20 
2 5 3 9 . 999 
2 6 9 . 8 4 <1 
2 7 7 . 3 36 
2 8 8 · 1 25 
2 9 9 . 1 tt4 
2 10 7 . 314 
2 11 6 . 34 8 
2 1 2 4 . 79 8 
2 1 3 5 . 55 
3 1 26 · 24 2 
3 2 1 5 e 7 U9 
3 3 64 . 157 
3 6 18 . 3 08 
~ 7 7 · 474 
'-3 8 7 · 314 
3 t) 8 e 33l 
-~ 0 6 . lj. 5 2 
• 101 
F c 
59 . 7 7 -
4 5 . (:r/1-
40 . 4 75+ 
18 . 143 + 
2 3 . tl2 6-
6 . 63 7+ 
1 l . j9b + 
7 . 4 78 - • 5 . R0~ -
16 . 6 -n + 
14 . tl U+ • 1 8 . 737 -
12 . 9 J. u+ 
9 . u 71+ • i3 . 508 -
b . f>!:'>':! -
736 -
1 . 177 -
11 . 98 9+ 
3 . 6 4 1 + • 5 . 9 6•_! -
tl . 1 lv+ 
42 e '+lt-9 -
• 43 . u23 :.. 
'JL e 6i:J9 -
9 . u3~ + • 4 8 . 668 + 
1 1 . 1: 4 -
7 . 6 74 -
1u . i96 -
8 • .;81 -
8 . 15 2+ 
• 8 . 978 + 
2 . 1:1 16 -
4 . 174+ 
_7 • ?4 U-
1 3 . 34 6 + 
5u . 6 l b+ 
l3 . U9 7 -
6 . 137-
9 e 6 76+ 
8 . 32 7+ 
5 . 1 5 0 + 
• 
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H K L Ke 0 F c 
• + u 3 11 7 . 6 u8 8 e u86 + 
+ 1) 3 1 2 Ll· e 655 4 . 458 -
+ 0 4 (! 1 e ?4U 2 . 634-
+ u 4 1 24 . 37 6 26 . u?8 + 
+ 4 3 3 . 133 2 . 91 2 -
+ 0 4 5 10 . 7 29 1U . 686 -
+ 0 4 6 17 . 043 17 . 727+ 
+ 0 4 9 7 . 7fh 8 . i1JR+ 
+ 0 4 11 9 . u32 .... . 959 -
+ 0 4 13 4 a 5 0 6 2 . 129 -
+ 0 5 1 6 a 73fJ 1 . 30? + 
+ 0 5 2 1 5 . 35 1 14 . 4 6 -
• + 0 0 2 52 . 677 59 . 797-
+ 0 0 4 4 0 . 9 91 45 . 971 -
+ 0 0 6 36 . 846 4 1 J e L~75 + 
• + 0 0 8 16 . 48 8 18 . 743 + 
+ 0 0 10 18 . 262 .~ 3 . 26 -
+ 0 0 1 2 1 9 . 3 67 6 . 6 ?·7+ 
+ 0 0 14 7. 935 11 . 396 + 
+ 0 1 1 L~ a 392 7 . 478 -
+ 0 1 ?. 56 . 741 59 . 8 0 5- • + 0 1 3 11 . 373 16 . 67 7+ 
+ 0 1 4 14 . 453 14 . 85(.1 + 
+ 0 1 5 18 . 528 1H . 137- • + 0 1 6 11 . 81U 12 . 91U + 
+ 0 1 7 9 a 9 24 9 . U7 1 + 
+ 0 1 8 20 . 0 79 23 . 508 - • + 0 1 9 9 a 667 8 . 689 -
+ 0 1 10 8 . 1 25 / 36 -
+ 0 1 11 13 . &42 1 . 177 - • + 0 1 1 2 11 . 505 11 . 989 + 
+ 0 1 1 3 5 . 641 3 . 641 + 
+ 0 1 14 ? . 269 5 a 96U - • + 0 2 0 5 a 788 8 . J7U + 
+ 0 2 1 54 . 925 Lt2. a 449 -
+ 0 2 2 44 . 958 L~ 3 a U 23 - • + 0 2 3 53 a 2U3 52. . 6 89 -
+ 0 2 4 7 . 52 0 9 . CJ35 + 
+ () 2 5 3 9 . 9 9 9 48 . 668 + 
• + 0 2 6 9 . 840 1 1 . 8 0 4 -
+ 0 2 7 7 . 336 7 . 6 74-
+ 0 2 8 8 e l25 10 . 79 6 - • + 0 2 9 9 . 144 8 . 38 1-
+ 0 2 1 0 7 a 3 4- 8 . 152 + 
+ 0 2 11 6 . 3 4 8 8 . 978 + • + 0 2 1 2 4 . 7 9 8 2 . 8 16 -
+ 0 2 13 5 . 551 4 . 174 + 
+ 0 3 1 26 . 2 42 2 7 . 24l' -
• + 0 3 2 1 5 . 7 09 13 . 346+ 
+ 0 3 3 6 4 .1 57 5U a 618 + 
+ l! 3 6 1 8 . 308 13 . U9 7 -
• + 0 3 7 7 . 474 6 . 137-
• 
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H K L K. F 0 F c 
+ 0 3 8 7 · 3 14 9 e b76+ 
+ 0 3 9 8 e 331 8 . 327 + 
+ 0 3 l(J 6 e 45 2 5 e 15u + 
+ 0 3 11 7 . 60 8 8 . u86 + 
+ 0 3 12 4 . 655 4 . 458 -
+ 0 4 0 ] • 5 40 2 e f>3 L~ -
+ 0 4 1 2 Y· e 376 26 . 1!28+ 
+ 0 4 3 3 . 133 2 . 912 -
+ 0 Lj. 5 1 0 . 7 2 9 u . 686 -
+ 0 4 6 17 . 0 43 17 . 727 + 
+ 0 4 9 7 e 7 85 8 . 4 1 8+ 
+ 0 4 11 9 . 03 2 8 . ':159 -
+ 0 4 13 4 . 5 0 6 2 . 729-
+ 0 5 1 6 e 736 1 . 303 + 
+ () 5 2 1 5 . 351 £~ . 486 -
+ 0 5 3 21 . 934 20 . 3 0U -
+ 0 5 4 13 . 903 16 . 0 1 6 + 
+ 0 5 5 10 . 870 13 . 064- • + 0 5 6 6 e909 6 e 767+ 
+ 0 5 7 13 . 319 15 . 5 7 0 + 
+ 0 5 8 7 . 60 8 1 . ·1s 3 -
• + 0 5 9 6 e 859 7 . 285 -
+ 0 5 11 6 e 158 7 . 838 -
+ 0 5 13 4 . 235 3 . 647 + • + 0 6 0 8 . 92 0 5 . 67 5-
+ 0 6 1 15 . 35 1 1 • 758 -
+ 0 6 2 5 . 818 4 . 266 + 
• + 0 6 3 2 · 791 4 . 102 + 
+ 0 6 5 1'-3 . 903 15 . 789+ 
+ 0 6 6 4 . 353 2 . 8 69 - • + 0 6 9 9 . 891 11 . 796-
+ 0 6 11 6 e 158 7 e U9 5 + 
+ 0 6 1 3 2 · 32 7 5 . 435+ • + 0 7 1 1 2 . 0 94 1U. 226 -
+ 0 7 2 12 . 5 0 6 l l e 1lU -
+ 0 7 3 27 . 929 33 . 113+ • + 0 7 4 3 . 68 0 3 . 746 + 
+ 0 7 5 3 . 0 2'-3 1 . 39 1+ 
+ 0 7 6 6 . 2 ] l 4 . 785 + 
' 
+ 0 7 7 1 3 . 6 08 7 . 487 -
+ 0 7 8 6 . 320 6 . 985 -
+ 0 7 9 5 e4? 7 8 . 9U4+ 
+ 0 7 11 7 . 030 9 . 863 + 
+ 0 8 0 4 e 655 3 . 28 1-
+ 0 8 l 9 . 7 02 14 e (L~ 6+ 
+ 0 8 3 9 . (!]. LL 8 . 681+ 
+ 0 8 4 5 . 759 5 . /4 7+ 
+ 0 8 5 2 Ue 825 24 e 2 7 U-
+ ) 8 6 9 e vl4 9 . -/59-
+ 0 8 7 4 . 971 6 e 5U3 + 
+ 0 8 8 8 . 786 2 . 9 78 -
+ 0 8 9 6 . 6 0 9 9 . 692 + 
H L K. F 0 F c 
+ 0 8 1 0 4 . 655 6 . 00 7+ 
+ u 8 11 4 . 692 7 . 413-
+ 0 9 2 10 . 178 13 . 1L~7+ 
+ 0 9 3 5 e 759 8 . 303-
+ 0 9 L~ 6 . 506 0 . 7 0 7-
+ 0 9 5 2 .3 27 2 . 875 - • + 0 9 6 3 e989 3 . (3 3-
+ 0 9 7 4 . 353 5 . 085+ 
+ 0 9 8 5 . 70 0 8 . 9 14+ • + 0 9 9 4 e 114 5 . 246-
+ 0 9 11 1 e93 0 3 . 344-
+ 0 10 0 13 . 113 1 8 . 4~5+ • + 0 1 0 1 3 . 586 6 e 66 U-
+ 0 10 2 4 . 353 6 . 186-
+ 0 10 3 3 . 186 1 . 538 - • + 0 10 5 3 . 3 4 3 6n8+ 
+ 0 10 6 6 . 557 10 . -(31 + 
+ 0 10 10 4 e 506 7 . 145 ~ • + 0 11 1 1 . 746 1 . 738 -
+ 0 11 2 5 . 520 8 . 03 3 -
+ 0 11 4 3 . 586 3 . 171 + • + 0 11 5 3 . 586 1 . 882+ 
+ 0 11 6 4 e 761 5 . 590+ 
+ 0 12 0 6 . 211 8 . 97 - f 
+ 0 12 1 3 . 680 2 . 3 6 2 -
+ 0 12 2 3 . 343 25 -
+ 0 12 3 3 . 186 2 . 9 4 3 + 
+ 0 1 2 4 3 · 946 5 . 743+ 
+ 0 12 5 2 . 399 1 . 49 1+ 
+ 0 1 2 6 5 . 8 18 5 . 53 0 -
+ 0 13 3 3 . 49 0 1 . 756 + 
+ 0 13 4 2 . 09 7 2 . 866-
+ 0 13 5 1 . 00 8 1 . 03 5-
+ 1 0 0 3 0 . 518 28 . 419+ 
+ 1 0 2 45 . 47 0 33 . 8 69+ 
1 0 2 2 3 . 0 11 2 1 . 566+ 
+ 1 0 4 18 . 628 21 . 2 18 -
1 0 4 4 0 . 378 43 . 458-
+ 1 0 6 38 . 314 46 . 458 + 
1 0 6 32 . 308 34 . 883 + 
+ 1 0 8 7 . 827 9 . 614-
1 0 8 21 . 70 0 21 . 716+ 
+ 1 0 1 0 9 . 200 12 . 4 58-
1 0 1 0 1 5 . 934 13 . 974-
+ 1 0 12 4 . 726 7 . 916+ 
1 0 12 4 . 506 877 + 1 0 14 10 . 570 1 1 . 561+ 
+ 1 1 0 6 . 8 8 5 11 . 649-
+ 1 1 1 37 .274 3 2 . 85 0 -
1 l 1 88 . 5 27 74 . 00 7+ 
+ 1 1 2 64 . 4 5 7 55 e 915-
l 1 2 82 . 19 6 72 . 166-
H K L Ke F 0 F c 
+ 1 1 3 22 . 766 18 . 6 08 -
1 1 3 53 . 972 44 . 637-
+ 1 1 4 32 . 893 3 1 . 318+ • 1 1 4 13 . 382 10 . 942+ 
+ 1 1 5 17 . 397 18 . 71 3+ 
1 1 5 23 . 736 32 . 32 0 - • + 1 1 6 5 . 551 4 . 0 41+ 
1 1 6 41.751 4 2 . 692+ 
+ 1 1 7 1 e300 157- • 1 1 7 10 . 902 16 . 011+ 
+ 1 1 8 21 . 816 25 . 747-
1 1 8 18 . 773 20 • t:W4-
• + 1 1 9 5 . 106 5 . 351-
1 1 9 7 e956 8 . 673+ 
1 1 10 9 . 310 10 . 799- • + 1 1 11 2 e 014 2 . 467-
1 1 11 10 . 570 1 2 . 191-
+ 1 1 12 5 . 301 8 . 853+ f 
1 1 12 10 . 602 1 2 . 557+ 
+ 1 1 13 3 .490 4 . 71 3+ 
1 1 13 3 e 726 2 . 762+ 
1 1 14 3 . 490 1 . 854-
+ 1 2 0 82 . 507 59 . 211-
+ 1 2 1 12 . 892 18 . 672-
1 2 1 32 . 234 25 . 414-
+ 1 2 2 26 . 196 22 . 608 + 
1 2 2 8 . 511 13 . 395-
+ 1 2 3 41 . 344 38 . 0 85+ 
1 2 3 8 . 392 7 . 984-
+ 1 2 4 7 . 542 10 . 129 -
1 2 4 18 .718 19 . 225 + 
+ 1 2 5 8 e 268 6 . 942 -
1 2 5 13 . 356 10 . 680+ 
+ 1 2 6 12 .760 9 . 692-
1 2 6 14 . 981 16 . 7 06 -
+ 1 2 7 7 . 893 9 . 210-
1 2 7 14 . 534 18 . 96 0 + 
+ 1 2 8 10 .2 61 9 . 683-
1 2 8 15 . 106 18 . 41 8-
1 2 9 16.773 18 . 15 2-
+ 1 2 10 10 .729 11 e 111+ 
1 2 10 6 e 0 75 8 . 741 + 
+ 1 2 1 1 8 . 372 9.59 6+ 1 2 11 6 e294 6 .. 270+ + 1 2 12 9 . 89 1 3 . 195-1 2 1 2 6 . 239 886+ 1 2 13 7•126 1 2 14 5, J~Jf I + 1 3 0 7,564 + 1 3 1 10,585 J,J~C 1 + . 1 3 1 3~· 99] 3 
(f.J,o;;, 
2 1.JJ;; 
'91o 
J :~ 
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H K L Ke F 0 F c 
• + 1 3 3 30 . 794 30 . 026+ 
1 3 3 56 . 749 51 . 0 19+ 
+ 1 3 4 7 . 078 3 . 0 91+ • 1. 3 4 17 . 161 10 . 412-
+ 1 3 5 9 e840 6 . 683+ 
1 3 5 13 . 892 11 . 137+ • + 1 3 6 6 e684 6 . 365-
1 3 6 3.023 3 . 206+ 
+ 3 7 20 . 915 21 . 0 21- • 1 3 7 18 . 528 18 . 760-
+ 1 3 8 6 e 710 7 . 366+ 
1 3 8 7. 674 8 . 124+ • + 1 3 9 13 . 268 15 . 008+ 
1 
' 
9 7 . 054 8 . 370+ 
+ 1 3 10 4 . 353 3 . 063+ • 1 3 10 3 e860 1 . 978+ 
+ 1 3 11 5 e 236 2 e 636+ 
1 3 11 8 e 228 8 . 44 0 + 
• + 1 3 12 5 e934 4 . 926-
1 3 12 7 . 198 7 . 529-
1 3 13 7 .2 20 5 . 758- • 1 3 14 4 e1 54 2.879+ 
+ 1 4 0 43 . 955 46 . 885+ 
+ 1 4 1 5 e 236 2 e628+ • 1 4 1 29.515 29 . 083+ 
+ 1 4 2 5 .700 3 . 133-
1 4 2 10 . 870 13 . 242- • + 1 4 3 20 . 784 22 . 0 51+ 
1 4 3 9 . 200 6 . 791+ 
+ 1 4 4 25 . 831 28 . 394- • 1 4 4 3 e 770 6 . 206+ 
+ 1 4 5 29 . 975 29 . 419-
1 4 5 27 . 434 30 . 396- • + 1 4 6 12 . 841 14 . 686+ 
1 4 6 10 . 129 10 . 551+ 
+ 1 4 7 7 . 00 6 3 . 237+ • 1 4 7 8 e 351 10 . 117+ 
+ 1 4 8 11 e 593 10 . 417+ 
1 4 8 5 . 818 6 . 108+ • + 1 4 9 9 e891 9 . 05 1+ 
1 4 9 4 . 903 5 . 839+ 
+ 1 4 10 6 . 557 6.504- • 1 '+ 10 7 e496 8 . 641-
+ 1 4 11 6 e320 8 . 003-
1 4 11 5 . 934 6 . 623- • + 1 4 12 5 . 52 0 1 e 654+ 
1 4 12 7 . 126 4 . 168+ 
1 4 13 4.581 4 . 287 - • + 1 5 0 11 e 253 13 . 044-
+ 1 5 2 6 . 452 3 . 629-
1 5 2 6 . 785 3 . 365- • + 1 5 3 19 . 662 17 . 36 0 -
• 
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H K L K. F 0 F c 
l 5 3 14 . 834 14 . 668-
+ l 5 4 9 . 236 3 e 652+ 
1 5 4 3 e 240 2 . 945+ 
1 5 5 8 . 491 7 . 713 -
+ 1 5 6 6 . 859 6 . 962+ 
l 5 6 2 · 966 972-
+ 1 5 7 4 . 868 6 . 967+ 
1 5 7 9 . 2 36 8 . 992+ 
+ 1 5 8 5 . 580 5 . 8 5 2-
1 5 8 2 a 6 0 1 2 . 944-
+ J. 5 9 4 . 39 2 4 . 800-
1 5 9 5 e 934 8 . 125-
+ 1 5 11 5 . 991 7 . 889 -
1 5 11 7 . 382 9 . 562-
+ 1 6 0 9 . 5 0 7 11 . 0 45+ 
+ 6 1 28 . 858 31 . 093 -
l 6 1 11 . 100 1 2 . 612-
+ 1 6 2 7 . 956 10 . 04 4+ 
J_ 6 2 21 . 235 25 . 777-
+ 1. 6 3 2 . 176 3 . 6 37 -
l 6 3 24 . 026 23 . 331-
+ l 6 4 8 . 248 7 . 7 27 -
1 6 4 8 . 311 7 . 532 + 
+ l 6 5 2 8 . 218 30 . 420+ 
1 6 5 20 . 190 21 . 392+ 
+ 1 6 6 3 . 343 3 . 156-
1 6 6 6 . 10 3 3 . 212+ 
+ 1 6 7 5 . 236 6 . 0 38-
1 6 7 3 . 586 2 . 49 4+ 
+ l 6 8 5 e l72 3 . 566+ 
l 6 8 3 . 392 3 . 0 89 -
+ ] 6 9 5 . 2 69 7 . 174-
1 6 9 15 . 351 17 . 11 2-
+ ]_ 6 1 0 4 . 154 2 . 617 -
1 6 10 l~ . 9 71 2 . 678 -
1 6 11 5 . 396 8 . 18 3+ 
+ 1 7 0 2 · 0 14 l e OOO + 
+ 1 7 1 2 . 791 6 . 0 86-
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ABSTRACT 
Crystals of phosphinoborane, PH3:BH3' have been studied by 
X-ray crystallographic methods. After synthesis of the compound in 
a vacuum line, single crystals were obtained in capillaries and pre-
cession photographs were taken. The space group is R3m and the 
trigonal unit cell contains three formula units and has the dimensions:: 
a ;:: b ::: 7. 363_±. 024 R, and c = 5. 7 66+. 020 R. The dominance of a 
heavy atom at the origin of the unit cell led directly to the selection of 
a trial structural model in which the PH3:BH3 molecular axis was 
placed parallel to the c axis. Structure factor calculations for 33 hO 1 
reflections confirm.ed this model. 
Refinement of the structural model was carried out first by means 
of hOl difference fourier maps. Agreement between observed and cal-
culated structure factors was then further improved by systematically 
adjusting the z-parameter of boron and the thermal motion parameters 
of boron and phosphorus. Hydrogen atom. positions were found from a 
three-dimensional difference fourier map in which six maxima were 
found in both of the regions where three hydrogen atoms were expected. 
Rotational disorder in the crystal is indicated as the probable cause for 
the doubling of these peaks. Because of the disorder., the two possible 
hydrogen atom. configurations, staggered and eclipsed, cannot be dis-
tinguished on the basis of X-ray evidence~ but calculated intermolecular 
hydrogen-hydrogen distances show that the staggered configuration is 
very unlikely. 
The phosphorus-boron bond length is found to be 1. 93 .R, the same as 
that in (CH3) 3P:BH 3 and in ((CH3) 2P:BH2) 3 with~n experimental error. 
The phosphorus-boron bond in (NH 2)3P:BH3 is considerably shorter than 
in the other compounds mentioned, but the longer bond length is the nor-
m .al one and chemical explanations for the shorter bond in (NH 2) 3P:BH3 
are offered. 
Crystallographic investigation was also made of dimethylsulfoxide-
boron trifluoride, (CH3) 2SO:BF 3• Single crystals were sealed out of 
contact with moisture in glass capillaries and photographed on a pre-
cession camera. The space group is monoclinic, PZ 1jc, and the unit 
cell dimensions are: a = 6. 058+. 005 R, b c 9. 893+. 020 R, c = II. 244 
+. 0 IS R, and !3 = l13. 30_±,. I0° J with four formula weights o£ the com-
pound per unit cell. 
A three-dimensional Patterson function and a two-diJ:nensionai 
Patterson superposition led to a correct tr~ al structure in the Okl 
projection. The solution of the hOl projection was e:f;fected by similar 
methods, and the three-dimensional trial structure was refined by 
differential synthesis, using the IBM 650 computer .. 
Dimethylsulfoxide is bonded to the BF 3 group by way of the oxygen 
atom, and the S-C bonds in the complex are shorter than those in the 
free molecule. The S ... O bond length, I. 52.5t, is greater in the complex, 
and the vertical angles at the sulfur atom in the complex are more acute. 
Moffitt•s molecular orbital model for alkyl sulfoxides is used to explain 
the S-0 bond length and the changes in the vertical angles at the sulfur 
atom. The S-0-B angle, 119°, is compared with the 144° P-0-Sb angle 
in POC13:SbC15.' and the 0-B bond of I. 54 R is compared with 1. sol?. 
found for a similar bond in(CH3) 20:BF 3• A correlation is found between 
changes in S-0 bond length and the amount of pi bonding character in a 
number of sulfur-oxygen compounds. This relationship shows that the 
s-o bond in dimethylsulfoxide-boron trifluoride has a pi bond order of o. 60. 
An integrating photometer for measuring the intensities of diffracted 
X-ray spots on single crystal photographs is described. The instrument 
operates on a new principle, and is sim.ple in constructio,:n. Several new 
IBM 650 computer programs for crystallographic calculations have been 
written, and the method of operation of each program. is given. 
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